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Due to the importance of soil moisture in many fields of study, and given the sparsity 
of systematic research on radiative transfer features of moist soil in the optical domain, 
this dissertation focuses on both the spectral reflectance and transmittance features of 
dry and wet soils. In this work, the spectral reflectance and transmittance of soil are 
examined. The experiments lead to possible physical explanations for the spectral and 
directional features of reflectance spectra, and the results suggest how optical and 
proximal remote sensing might be useful in observations of soil moisture content. 
The first experiment considered the change in spectral reflectance of soil samples 
during evaporative drying. The water absorption band depths at 970 nm and 1160 nm, 
in near infrared, decreased monotonically as the water content decreased, but they were 
not detectable in all samples; these water absorption bands will not be generally useful 
for observing surface soil moisture. In contrast, the band depths of the 1440 nm and 
1930 nm absorption features were very responsive to the water content over the entire 
drying cycle. The change in band depth at 1930 nm was particularly interesting since 
the direction of the change reversed simultaneous with soil water evaporation rate 
change. A simple mathematical model suggests that the pattern of change in the band 
depth is related to the near extinction of light at the band center relative to the band 
shoulders. 
The second experiment examined the degree to which light transmitted through 
quartz sand samples would maintain any directional characteristics. Transmittance 
decreased monotonically as the illumination angle increase, but slowly at all 
wavelengths. This indicates that directional radiation transmitted through the sand layer 
becomes diffuse with a millimeters-thin sand layer. For the saturated samples, the 
 influence of water on light transmittance in the VNIR (350-1300 nm) was the reverse 
of that in the SWIR (1330-2500 nm) wavelength region. In the VNIR, transmittance 
increased in the saturated sample relative to the dry sample, while transmittance 
decreased sharply after 1330 nm, with obvious spectral features characteristic of water 
absorption. Analysis of transmittance by quartz sand samples suggests that most of the 
directional variation due to the change in illumination angle can be attributed to surface 
reflective loss. The implication is that the directional reflection may be treated as a 
surface phenomenon, with the volume reflectance contributing a diffuse component. 
The third experiment considered directional spectral reflectance of soil samples 
under dry and saturated conditions. When the samples were dry, the directional 
reflectance changed obviously with the phase angle, showing a stronger backward 
reflectance, while the forward reflectance was generally lower. For saturated soil 
samples, the directional characteristics of spectral reflectance apparent with dry soil 
were substantially reduced. In particular, the strong backward scattering weakened. 
Instead, the directional spectral reflectance became less sensitive to changes in both the 
illumination angle and the observation angle, especially for dark soils. Added water not 
only darkened the soil reflectance, but also eliminated the directional differences. This 
would make it difficult to discern soil structural properties when the soil moisture 
content is high.	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  1 
Introduction 
Water darkens soil. This is apparent in the imprint of a receding wave on a beach, or 
in the drainage patterns in a drying field (Figure 1). What is less obvious is the reason 
for the darkening. Water is essentially transparent at visible wavelengths over distances 
of several meters (Pope and Fry 1997) 
allowing us to see brilliantly colored 
fish in aquaria and to determine the 
water depth in clear coastal waters 
(Philpot et al. 2004; Sinclair 2011). 
Given this clarity there can be no 
appreciable absorption of visible light 
by water over the distances light 
travels in the soil.   
Darkening in the visible, then, 
must be due primarily to absorption 
by the soil, enhanced by the presence of water. By altering the relative index of 
refraction at the particle surface, water reduces reflectance, increases the probability of 
absorption by the particle, and enhances the probability of light being scattered forward, 
deeper into the soil. This will occur even when water is simply adsorbed to the soil 
particles. The tendency for increased scattering of light – and the increased probability 
of absorption by the soil particles – is further enhanced by the presence of air-water 
boundaries in the pore spaces of the soil.    
Figure 1: Drainage pattern in a plowed field in 
central New York, May 2013. 
  2 
Refraction effects are also important in the near infrared (NIR; 0.7-1.0 µm) and 
shortwave infrared (SWIR; 1.0-2.5 µm), but darkening in the SWIR – particularly at 
wavelengths beyond 1350 nm – is primarily due to absorption by water. The absorption 
coefficient of water increases by several orders of magnitude from the visible to the 
SWIR, and includes several pronounced absorption bands that are readily apparent in 
reflectance spectra of wetted soils (Lobell and Asner 2002). These features are often the 
focus of attempts to estimate soil moisture content using reflectance (Demattê et al. 
2006). Absorption by water clearly has a major impact on the darkening at these 
wavelengths, even though the optical path through water may be only tens of microns.  
The interplay of standing water, adsorbed water, pore water and the different 
configurations of soil-water, soil-air, and air-water interfaces all contribute to the 
changes in spectral reflectance of soils. These vary not only with water content, but also 
with the size and distribution of the pore spaces, the particle size distribution, the 
compaction of the soil, and even the mix of hydrophilic vs. hydrophobic surfaces in the 
soil. Such complexities have confounded attempts to find simple relationships between 
soil reflectance and soil moisture. 
The objective of this work is to explore how soil moisture influences the spectral 
and directional character of reflectance. The effects of wetting on soil reflectance and 
transmittance are studied, and viewed with different illumination and observation angles.  
The ultimate goal is to develop a practical model that describes the reflectance in terms 
of soil content and structure.   
  3 
1   Literature Review 
Soil moisture has been studied for many decades because it is a fundamental 
property that is important in many fields of study, such as hydrology, meteorology and 
agronomy (Oki and Kanae, 2006). For applications in which moisture at or near the 
surface is important (e.g., agronomy), there are a variety of techniques that have been 
developed to measure soil moisture including both probe-related ground measurements 
and remote sensing methods. The ground-based methods are the proven, reference 
observations, but remote sensing techniques hold promise for providing more extensive 
areal and temporal observations. 
1.1   Ground measurements 
There are many ground-based techniques for measuring soil moisture in the field, 
including time-domain reflectometry (TDR) (Jones et al., 2002), frequency domain 
sensors (Gaskin and Miller, 1996), electrical resistivity tomography (Ozcep et al., 2009), 
and ground penetrating radar (Galagedara et al., 2005) etc. Most of these methods are 
effective with larger soil volumes and are not as useful for characterizing surface 
moisture (Zhu et al., 2010). 
Ground measurements usually provide data that are easily calibrated, but each 
measurement only applies to a single, small area.  They are easily adapted to monitoring 
temporal variations (Parent et al., 2006), but are difficult to use to map spatial variations. 
The most prominent advantage of the ground-based measurements is in providing soil 
moisture content at root-zone depth, the most appropriate range for agricultural studies. 
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1.2   Microwave remote sensing 
Microwave remote sensing systems may be either active or passive. Active (radar) 
systems transmit an electromagnetic pulse and measure the backscattered energy, while 
passive radiometers observe the energy emitted from the target itself (Ulaby et al., 1982). 
Microwave remote sensing has the general advantage of being unaffected by cloud 
cover and not requiring solar illumination. This all-weather capability is particularly 
true for systems that operate in the low frequency microwave range (1 – 10 GHz) (Njoku 
and Rague, 1996; Wagner et al., 2006).  
For a number of years, microwave remote sensing methods have been the main focus 
of research aimed at retrieving the moisture content of the top several centimeters of 
soil (Albergel et al., 2008; Ford et al., 2014; Sabater et al., 2007; Walker et al., 2001). 
Sabater et al. (2006) also studied four data processing methods. The overall result of 
their study indicates that all four methods yield satisfactory results, which suggests that 
retrieving root-zone soil moisture content from surface soil water content is feasible. 
Soil moisture content most strongly affects passive microwave radiation from soils 
due to the difference between the dielectric constant of water (~80 at frequencies below 
5GHz) and that of dry soil (~3.5) (Njoku and Entekhabi, 1996); the soil dielectric 
constant increases with increasing water content.  However, the measurement of 
radiation is also influenced by soil surface roughness (Choudhury et al., 1979; Mo et al., 
1987; Tsang and Newton, 1982), attenuation and emission by vegetation cover (Jackson, 
1982; Jackson and Schmugge, 1991; Pampaloni and Paloscia, 1986), and surface and 
subsurface heterogeneity (Kerr and Njoku, 1990; Tsang et al., 1975; Wilheit, 1978). The 
most recent global soil moisture measurement is provided by the Soil Moisture Active 
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Passive (SMAP) satellite mission. SMAP was launched on January 31, 2015, and one 
of its objectives is to measure the amount of water in the top 5 cm of soil of the Earth. 
Compared to optical remote sensing, SMAP is able to estimate deeper soil moisture 
content by integration every 2 to 3 days. However, microwave systems like SMAP can 
only provide data on the landscape scale (kilometers to 10s of kilometers). They are 
incapable of finer, field-level observations.  Microwave systems are also not readily 
adaptable to ground observations or for monitoring evaporation. 
1.3   Surface soil moisture – root-zone soil moisture 
Soil moisture content, as studied in agriculture, is normally required over large areas. 
However, the difficulty and expense of ground measurements makes it problematic to 
collect measurements at multiple sites or even frequent observations at a single location. 
Because of the inconvenience of direct root-zone soil moisture measurements, other, 
more easy-obtained parameters are often used for moisture estimates.  For example, 
Mahfouf (1991), reasoning that the near-surface temperature and humidity are 
influenced by the soil moisture, developed a model to describe the effect and then, 
inverting the model, used the above-surface measurements to retrieve the soil moisture 
in root-zone measured using neutron sounding (soil-water profile) and gypsum blocks 
(first 5 cm of the soil). Although the results showed promise, the link between air 
temperature/humidity and root-zone soil moisture is rather indirect and imprecise. 
 Surface soil moisture may be more reliably related to the root-zone soil moisture 
content. For a number of years, microwave remote sensing methods have been the main 
focus of research aimed at retrieving the moisture content of the top several centimeters 
of soil (Albergel et al., 2008; Ford et al., 2014; Sabater et al., 2007; Walker et al., 2001). 
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Sabater et al. (2006) also studied four data processing methods. The overall result of 
their study indicates all four methods yield satisfactory results, which suggests that 
retrieving root-zone soil moisture content from surface soil water content is feasible.  
1.4   Evaporation 
Evaporation is a key hydrologic driver that directly connects the transition of surface 
soil moisture (liquid) to vapor, and the soil surface is exactly where this process occurs. 
Direct soil evaporation and plant transpiration consume 20% and 40% of the terrestrial 
precipitation, respectively (Oki and Kanae, 2006; Shahraeeni and Or, 2012). Sherwood 
(1929) pointed out that, at the beginning of drying process, very wet solids exhibit a 
period with a constant rate of drying and that, after achieving a critical liquid content, 
the rate of drying starts to decrease. These two periods are called constant rate period 
(stage-I) and falling rate period (stage-II). The constant rate period is supported by 
internal capillary flow (Van Brakel and Heertjes, 1978; Yiotis et al., 2006). For the 
constant rate period, water in the near-surface is driven by capillary flow moving water 
to the surface so that the rate of drying by evaporation can continue at a constant rate. 
For the falling rate period, disruption of hydraulic continuity between the primary 
drying front and the evaporating surface leads to the rate change. The rate of evaporation 
is another indicator for water content, and appears to be observable using spectral 
changes in the water absorption bands derived from optical remote sensing. 
1.5   Other soil characteristics 
Some soil characteristics (e.g. pore size) influence the evaporative process 
(Lehmann and Or, 2009), as well as spectral reflectance features in remote sensing, so 
researchers usually classify soil samples for comparison (Lobell and Asner, 2002; Njoku 
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and Entekhabi, 1996). In laboratory experiments, samples can be classified based on 
varied soil sources, e.g., artificial soil samples, soil core samples, and surface soil 
samples (Zhu et al., 2010). Similarly, based on different spectral features, soil samples 
were sorted into organic matter-rich, lime-rich, and iron oxide-rich (Lesaignoux et al., 
2010). For in situ soil samples, they could be labeled just by soil order in USA soil 
taxonomy (Lobell and Asner, 2002). In other studies, soil samples might be described 
based on their different material contents (Liu et al., 2002), or color (Lesaignoux et al., 
2013). 
1.6   Optical remote sensing: reflectance in the solar domain 
There are many studies that have drawn a connection between soil moisture and the 
reflection from soil surfaces in the visible/near infrared (VNIR) and the shortwave 
infrared (SWIR) spectral regions (Ahmad et al., 2011; Kaleita et al., 2005).  A distinct 
problem with drawing a relationship between reflectance and soil moisture (as defined 
for agricultural or hydrological purposes) is that optical radiation does not penetrate soil 
beyond the surface layer; the reflectance derives only from the first several millimeters 
of soil at most (Liang, 1997). 
To study the relationship between soil reflectance in the optical domain (400 - 2500 
nm) and soil moisture, usually several wavebands are selected by some form of 
optimization method to indicate reflectance changes for a particular set of soil samples. 
Typically, a linear forward stepwise regression technique will be used for the 
optimization. For example, Liu et al. (2002) determined an optimal band set that 
included 1400, 986, 1998, 574, 2189, 1672, and 450 nm. In another study (Lobell and 
Asner, 2002), a single wavelength, 2200 nm, was selected based on its absorption 
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response in mineral soils, and 600 nm and 1200 nm were included for contrast. Different 
studies also take a different approach to calibration and normalization. For example, 
Lobell and Asner’s (2002) results were based on absolute reflectance, while Liu (2002) 
focused on normalized reflectance, i.e., dividing the reflectance from a wet soil by the 
reflectance of the same type of soil when it was dry.  This minimizes variations due to 
roughness and sensor-source geometry effects (Baret et al., 1993).  
1.7   Existing Models 
In order to estimate the soil moisture content from spectral reflectance in the optical 
domain, researchers usually rely on empirical rather than physically-based models. A 
typical approach is to employ an exponential model describing the relationship between 
spectral reflectance in optical domain and soil moisture content (Lobell and Asner, 2002; 
Zhu et al., 2010), but a combination of linear and nonlinear functions has also been 
proposed, as has an empirical model that relies on a polynomial relationship 
(Lesaignoux et al., 2010). In Bach and Mauser’s (1994) research, two processes are 
taken into account. One is the general darkening of soil due to internal reflection in a 
water layer and the other one is absorption of water contained in soil at certain 
wavelengths. Besides studies on relationship between absolute reflectance value and 
soil water content, a soil moisture retrieval model was built with transformed reflectance 
based on the Kubelka-Munk two-flux radiative transfer theory (Sadeghi et al., 2015). 
Sadeghi’s model is verified using laboratory-measured spectral reflectance data of 
different soils (from Lobell & Asner 2002; Whiting et al. 2004). 
All of these studies focus on patterns of change in reflectance with changing water 
content. Most studies showed the spectral reflectance decreasing with increasing soil 
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moisture content (Chang et al., 2005; Lesaignoux et al., 2013; Planet, 1970; Stoner and 
Baumgardner, 1981; Zhu et al., 2010). A few studies have indicated that high soil 
moisture content would sometimes enhance the spectral reflectance (Liu et al., 2002; 
Neema et al., 1987), and that the critical point at which reflectance began to increase 
with increasing soil moisture content occurred at different moisture levels for different 
kinds of soil (Liu et al., 2002). The inversion may be caused by specular reflectance of 
water film covering soil surface from over saturation (Sadeghi et al., 2015).  
All of the existing research results indicate that the SWIR region is more sensitive 
than the VNIR for mapping the relationship between spectral reflectance from soil 
surface and soil moisture content (Lobell and Asner, 2002; Zhu et al., 2010). The 
sensitivity of reflectance in the SWIR to soil water content is directly related to the 
wavelength-dependent water absorption coefficient. Figure 2 shows the variability of 
the water absorption coefficient in the optical domain. In VNIR region, the small 
absorption coefficient indicates that water is relative transparent, whereas, water is 
strongly absorbing in SWIR region. Lobell and Asner (2002) note that reflectance in the 
SWIR region is responsive to a wider range of soil moisture - up to 50% of the 
volumetric water content - while the reflectance in VNIR region can reach a minimum 
when soil moisture content is only about 20%. They also note that the uncertainly in the 
estimate of soil moisture content based on SWIR observations was only half the 
uncertainty for similar estimates based on observations in the VNIR region. However, 
in a similar study, (Liu et al., 2002) concludes that the shorter wavebands could be more 
efficient for the estimate at hard-to-estimate, high moisture levels. 
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Figure 2: water absorption coefficient from 380 to 2500 nm in logarithmic scale. 
Another approach is that taken by Whiting et al. (2004), who empirically fit 
Gaussian functions to normalized reflectance spectra.  Their model was particularly 
sensitive to soil type and operated most effectively when applied to unsaturated samples.  
Other empirical models, while very effective on a limited range of soil types, have also 
demonstrated a strong sensitivity to specific soil characteristics.  Even when derived 
from hyperspectral data, most of the empirical models make use of a reduced set of 
wavelengths (Khanna et al., 2007; Zhang et al., 2003), or a set of basis vectors (Janik et 
al., 2009; Lesaignoux et al., 2013), and tend to be less generally effective.  
1.8   Optical remote sensing: transmittance in the solar domain 
Transmittance of sunlight into soil is a significant issue for both practical problems 
and theoretical studies. In agricultural applications, the penetration depth of UV, visible 
and near-infrared (VNIR) radiation into the soil is important for promoting the 
germination of seeds. Appropriately, transmittance measurements have generally been 
limited to the VNIR. Particular attention has been given to the 290-500 nm range, which 
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is important for quantification of chemical and biological processes such as 
photochemical transformation of pesticides or other organic compounds (Balmer et al., 
2000; Hebert and Miller, 1990), while 660-730 nm radiation influences seed 
germination (Benvenuti, 1995; Bliss and Smith, 1985; Woolley and Stoller, 1978). 
Transmittance is also related to the depth at which the measured reflectance signal 
originates – the information depth (Ciani et al., 2005). As such, it is particularly useful 
in identifying the soil characteristics that contribute to reflectance, and can inform 
radiative transfer modeling (Banninger et al., 2004; Ciani et al., 2005; Philips-Invernizzi 
et al., 2001). Fenchel and Staarup (1971) found that the penetration depth was very 
sensitive to the particle size distribution, and  was rather strongly wavelength dependent 
in rinsed quartz sand (Fenchel and Straarup, 1971). Woolley and Stoller (1978) found 
very strong wavelength dependence in the transmittance of a sand sample relative to 
that of a silty clay loam. Other studies have shown that penetration is deeper at longer 
VNIR wavelengths, and that particle size distribution influences the light penetration 
(Bliss and Smith, 1985; Haardt and Nielsen, 1980). Explicitly, Bliss and Smith (1985) 
found that transmittance decreased sharply as the size of the sand particles decreased. 
Neema et al. (1987) reported and modeled data from Shah (1981) indicating that 
transmittance of visible light initially increased with moisture content, but then 
decreased as the pore spaces filled, a finding not noted elsewhere. Recent work has 
focused on the directional character of reflectance, i.e., the Bidirectional Reflectance 
Distribution Function (BRDF) (Bachmann et al., 2014; Baranoski et al., 2014). Given 
the sensitivity of the BRDF to the structure of the soil (e.g., density, pore space, particle 
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size), this work suggests that there would also be a directional character to the 
transmitted radiation.  
1.9   Bidirectional reflectance directional function (BRDF) 
A consistent conclusion reached in validating the models considered above is that 
the models are most effective when adapted to a limited range of soil types. This is likely 
due to the fact that the empirical models do not explicitly incorporate effects of particle 
size, pore size, and surface roughness. Bi-directional reflectance measurements, on the 
other hand, are particularly sensitive to such characteristics (Bachmann et al., 2014; 
Cierniewski et al., 2010; Wang et al., 2010; Wassenaar et al., 2005).  There are a number 
of modeling approaches to describe such observations, ranging from formal, physically 
exact approaches (Mishchenko, 2011), to highly approximate representations of the 
surface (Banninger et al., 2004; Cierniewski et al., 2004). So far, only one bi-directional 
model (Voss and Zhang, 2007; Zhang and Voss, 2006), has directly addressed the effect 
of water on reflectance and that model considered only dry, saturated and submerged 
conditions – not unsaturated soils.  They noted that the BRDF of saturated, particulate 
layers becomes more Lambertian as the liquid becomes more absorbing, and state that 
the relationship can be modeled by a two-part empirical model, with one part describing 
reflectance from the front surface and another part describing reflectance from the bulk 
material. In a review of models of bi-directional reflectance, Zhang & Voss (2008), 
consider the BRDF from saturated sands using pore liquids with different refractive 
indices. The particles ranged from black to bright, translucent grains. They noted that, 
even for observations at visible wavelengths, the BRDF and plane albedo of saturated 
samples couldn’t be attributed solely to the relative index of refraction, and indicated 
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that the percentage of translucent particles and the roughness of individual particles is 
also a concern. 
The primary focus of the bi-directional reflectance models is on the geometric 
aspects of the scattering from particulate surfaces and they are generally designed to 
handle variations in roughness, density and porosity; however, the index of refraction 
of the medium is a spatial constant and the index of refraction of the particles is also 
assumed to be constant. There is no built-in mechanism to differentiate between air and 
water in the pore spaces, yet a model capable of describing the directional characteristics 
of reflectance would be more likely to succeed in capturing the effects of moisture, if 
an appropriate adaptation can be found. 
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2   CHAPTER 2: Relationship between surface soil water content, 
evaporation rate, and water absorption band depths in SWIR 
reflectance spectra 
2.1   Introduction  
Soil moisture is a key factor for many fields of study, ranging from hydrology and 
agronomy to meteorology (Wigneron et al., 1998). The most commonly used methods 
for soil water content measurements are ground-based techniques (time-domain 
reflectometry, frequency domain sensors, etc.) and microwave remote sensing. The 
disadvantages of these methods are as obvious as their strengths. Ground measurements 
can provide data that are easily calibrated, but each measurement only applies to a single, 
small area. While they are easily adapted to monitoring temporal variations (Parent et 
al., 2006), they are difficult to use to map spatial variations. Microwave radiation can 
penetrate into soil and microwave remote sensing is widely used for soil monitoring, 
but the spatial resolution is relatively coarse even for airborne systems (Hasan et al., 
2014), the penetration is strongly influenced by soil water content, and the penetrating 
depth decreases dramatically with increasing water content (Njoku and Rague, 1996). 
Thermal sensing has also been brought to bear on the problem of moisture sensing, 
based on the change in emissivity of wet soil, usually in combination with an optical 
sensor capable of providing a vegetation index (e.g., Sandholt et al. 2002).While this 
approach has the distinct advantage of providing an estimate of soil moisture even in 
the presence of vegetation, it is an approximate measure, most useful when applied to 
relatively large areas. 
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Optical remote sensing also has advantages and disadvantages.  Radiation in the 
visible/near infrared (VNIR) and shortwave infrared (SWIR) does not penetrate into the 
soil beyond the surface layer, with reflectance deriving from the first several millimeters 
of soil at most (Ciani et al., 2005; Liang, 1997; Tester and Morris, 1987; Zhang et al., 
2003). In spite of the shallow penetration, changes in reflectance are commonly related 
to volumetric changes in soil water content (Leu, 1977; Lobell and Asner, 2002; Nolet 
et al., 2014; Sadeghi et al., 2015; Whiting et al., 2004). The limited penetration is 
balanced by the capacity to make observations at high spatial resolution over large areas 
(Nolet et al., 2014). Even the restriction to surface measurements has a positive side; it 
is at the surface where evaporation occurs. Soil evaporation is a key process which 
accounts for 20% of the terrestrial precipitation; optical remote sensing might provide a 
window into the evaporation state (Oki and Kanae, 2006; Zhang and Voss, 2006). 
The presence of moisture greatly influences spectral reflectance in both the VNIR 
and SWIR, especially in the major water absorption bands. Broadly speaking, 
reflectance decreases with increasing water content with the effect being more 
pronounced at longer wavelengths (SWIR). Exceptions to this trend have been noted – 
particularly when approaching saturation (Liu et al., 2002) – and may be modeled by 
taking Fresnel reflectance into account (Sadeghi et al., 2015). Many researchers have 
observed the change in the spectral reflectance of soils due to moisture, and some have 
found empirical, predictive relationships with spectral reflectance values, but these are 
generally influenced by soil type, and are biased by the reflectance of the dry sample 
(Haubrock et al., 2008). Some generalization appears to be possible; for example 
Sadeghi et al. (2015) were able to find general relationships for three broad groups of 
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soil types. However, the physical link between soil type, water content and spectral 
reflectance remains an unsolved problem.  Interestingly, Small et al. (2009) observed a 
change in reflectance that varied with the drying rate, and noted that the soil moisture 
and particle size distribution appeared to be separable in the reflectance spectra.  This 
suggests that there might be a spectral measurement that would be sensitive to the 
moisture content and insensitive to soil type. 
In this paper we begin with the premise that there is a spectral feature that will be 
sensitive to soil moisture while being insensitive to other soil characteristic (particle size 
distribution, composition, etc.). An obvious place to start is with the strong water 
absorption bands in the infrared, since these will respond primarily to changes in water 
content, and would reasonably be expected to do so independently of soil type. 
Following the procedure of Small et al. (2009) we focus on the change in reflectance 
and its relationship to the drying rate of the soil. The depth of water absorption bands is 
used since it is expected to be directly related to the surface soil water content and is 
less likely to be sensitive to the magnitude of the soil reflectance. Using the band depth 
as a metric, the response of water absorption bands in the SWIR region to the soil water 
content for three distinct soil types are observed, described and related to the 
evaporation rate and the drying state of the soil. 
2.2   Experimental Design 
2.2.1    Samples 
Three soil samples (Table 1) were observed in the experiments: a white quartz sand, 
masonry sand, and a typical Ithaca-area soil. Based on the particle size distribution, the 
samples were classified into three texture groups.  
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Table 1. Soil physical characteristics 
 quartz sand Masonry sand Ithaca soil 
Very coarse and coarse sand 86.1% 18.3% 
3.8% Medium sand 10.1% 27.0% 
Fine and very fine sand 3.8% 48.4% 
Silt 0 % 4.4 % 77.0 % 
Clay 0 % 1.9 % 19.2 % 
Texture* Coarse sand Sand Silty loam 
Organic matter 0% 0.2% 5.3% 
Bulk density 1.44 g cm-3 1.53 g cm-3 0.95 g cm-3 
* Texture classification is based on USDA standard. 
2.2.2   Experimental setup and procedure  
Figure 3 illustrates the experimental setup. The spectrometer was an ASD 
FieldSpec® Pro with a spectral range of 350-2500 nm. The spectral resolution is ranging 
from 3 nm in the visible to 12 nm at 2100 nm, and with a sampling interval of 1 nm. 
The ASD fiber optic probe was fitted with an 8° field of view (FOV) fore optic and 
mounted 18 cm above the sample (nadir view). The sample holder was a 1.2 cm tall 
black plastic cylinder with a 5.1 cm inner diameter and a sieve bottom. The sieve bottom 
allowed water to be drawn up into the sample by capillary action, minimizing 
disturbance of the soil surface. The volume of the sample holder was then 24.5 cm3. 
Illumination was provided by an ASD Pro Lamp, a 70 watt quartz-tungsten-halogen 
light source designed to provide stable illumination over the 350 to 2500 nm range. 
Reflectance was determined by measuring the radiance from the sample relative to a 
calibrated, white (99% reflectance) Spectralon® standard panel.  
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The sample holder was filled with dry soil, and the surface was leveled with a metal 
straight edge in order to provide a uniform surface with no preferred orientation. 
Observation of reflectance collected while rotating the sample holder in 90° increments 
produced no discernible change in reflectance. For the duration of the experiment, the 
sample holder sat on a scale (Ohaus SP200) with an accuracy of 0.01g, which was linked 
to a computer via a USB connection. The scale was programmed to report the weight 
once each minute. Spectra were collected at 5 minute intervals. 
 
Figure 3: Sketch of experimental setup. 
Reflectance from soil is very much a surface phenomenon in that the reflected light 
derives from the first few millimeters of the soil surface. Small changes in the near-
surface structure (e.g., a change in the size or density of the pore spaces) can alter the 
reflectance. Thus, rather than wetting the sample from the top, the filled sample holder 
was placed on a saturated sponge and the soil then drew up the water through the sieve 
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bottom via capillary action. This procedure minimized disturbance of the sample surface 
and insured maximum saturation.  
2.2.3   Methodology 
The experiment was designed to observe the dynamic correlation between soil water 
content and spectral reflectance. Based on the premise that the particle size and pore 
space distribution would have the most significant effect on the rate of evaporation and 
water retention characteristics, three soil samples were selected to span a wide range of 
soil characteristics (Table 1). Water content was monitored based on sample weight, 
and the depth of the most prominent water absorption bands was used as the metric. The 
working hypothesis was that the depth of the absorption bands, being a direct measure 
of the amount of water encountered by the reflected light, would be less sensitive to the 
specific soil type, and would be most likely to relate directly to the water content.  
Selection of the absorption bands was based on the absorption spectrum of water 
(Figure 4). Water is essentially transparent in the visible over the optical path lengths 
typical for soil; however, absorption increases dramatically throughout the infrared. In 
the SWIR, absorption is strong enough that, at the center of the major absorption band 
(1930 nm), virtually all the light can be absorbed over very short optical paths (~200 
µm). For the weaker absorption bands (970 nm, 1160 nm) absorption may not even be 
apparent until after relatively long distance (millimeters), and complete extinction 
would be unlikely in soils.    
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Figure 4: Absorption spectrum of water (Kou et al., 1993; Pope and Fry, 1997).  The 
center wavelengths (970 nm, 1160 nm, 1440 nm and 1930 nm) of the major absorption 
bands are marked with vertical, solid lines. The shoulders of the bands are indicated by 
the boundaries of the gray areas. 
 
Figure 5: Spectral reflectance curves of air-dried and saturated soil samples (light gray 
for quartz sand, black for masonry sand, and medium gray for Ithaca soil). 
 Figure 5 shows the spectral reflectance curves of air-dried and saturated samples of 
each of the soils.  The quartz sand is highly reflective and translucent, with large 
particles and a relatively narrow size distribution; the reflectance of the dry masonry 
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sand and the Ithaca soil are darker at all wavelengths than the quartz sand.  The two 
darker soils are similar in the visible, but differ markedly in the NIR and SWIR where 
the masonry sand is much less reflective. Both the masonry and Ithaca soils consisted 
of smaller particles than the quartz sand and both had a relatively wide size distribution. 
All three air-dry spectra exhibit absorption features centered near 1440 nm and 1930 
nm. Based on both its location and breadth, the 1930 nm feature is almost certainly a 
water absorption feature meaning that there is still some water present in the air-dried 
samples.  While a mineral absorption feature at 1440 nm is common (Clark, 1983), the 
presence of the 1930 nm absorption feature suggests that the 1440 nm band is also due 
to the presence of water (Clark et al., 1990).  
Reflectance spectra of the saturated samples (Figure 5) are darker at all wavelengths 
than their dry counterparts. All four major water absorption features are visible in the 
spectrum of the saturated quartz sand while only the strongest absorption bands at 
1440 nm and 1930 nm are apparent in the reflectance spectra of the darker soils. Note 
that the reflectance of the quartz sand dips below the reflectance for the dark soils 
through most of the SWIR, although the reflectance at shorter wavelengths remains 
substantially higher. This is consistent with a longer optical path length through water 
for the light reflected from the quartz sand. Interestingly, the water absorption bands at 
970 nm and 1160 nm only appear in the quartz sand spectrum, in spite of the fact that 
all three soils darken significantly with increasing water content. This, too, would be 
consistent with a substantially longer water optical path for light in the quartz sand. 
Possibly this is related to the fact that the quartz particles were translucent and there was 
a higher probability of light penetrating through the particles.  
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Table 2. Selected water absorption bands in SWIR region 
No. Left shoulder Band center Right shoulder 
I 930 nm 970 nm 1080 nm 
II 1120 nm 1160 nm 1280 nm 
III 1380 nm 1440 nm 1680 nm 
IV 1850 nm 1930 nm 2130 nm 
 
2.2.4   Absorption Band depth  
In hyperspectral remote sensing, the depth of an absorption band of a target material 
is commonly used as an indicator of the amount of that material present within a host 
material. When absorption by the target material is negligible away from the center of 
the absorption band, a normalized absorption band depth is recommended in order to 
minimize the effect of the differences in reflectance of different host materials (Clark 
and Roush, 1984). With water, however, absorption is strong throughout the infrared 
and is extreme in the SWIR. Absorption at these wavelengths by the host material (soil) 
is negligible; the band depth registers the spectral difference in attenuation of water at 
the band center and the band shoulders. For wet soil, then, a simple difference measure 
of the band depth is appropriate, and is likely provide more consistent information than 
either simple reflectance or a normalized band depth. A simple estimation of band depth 
is given by the vertical distance from the minimum reflectance to a straight line 
connecting the shoulders of the water absorption feature (Lobell and Asner, 2002; 
Morris et al., 1982). The interpolated reflectance, R89:	  , on the connecting line at the 
center wavelength is given by: 	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The band depth, ∆𝑅<, is then simply 
where 𝑅< is the reflectance at the band center, illustrated in Figure 6. The central and 
shoulder wavelengths for the four absorption bands are listed in Table 2 and illustrated 
in Figure 4. The selection of shoulder wavelengths was based on the shape of the dry 
sample curves for the 1440 nm and 1930 nm bands, while the shoulder wavelengths for 
the 970 nm and 1160 nm bands and the central wavelengths for all bands were 
determined from minima of the saturated sample curves.   
2.2.5   Water content and evaporation rate 
Volumetric water content (VWC) was selected as the indicator of water content. 
Equation (3) shows the VWC calculation, 
where 𝑚>?:@A  is the mass of the water, 𝜌>?:@A  is water density (1.0 g/cm3), and 𝑉:D:?E  
is total volume of solids, water, and air space. Water loss was due entirely to evaporation 
at the soil surface and is the link between the spectral features and water content.  The 
rate of evaporation was calculated as the mass change per unit time. 
 
 𝑅89: = 	  𝑅E@F: − 𝑅A8GH:𝜆E@F: − 𝜆A8GH: ∗ K𝜆<@9:@A − 𝜆E@F:L 	  	  + 	  𝑅E@F:	  	  	  , (1) 
 ∆𝑅< = 	  𝑅89: − 𝑅<	  , (2) 
 VWC = 	   𝑚>?:@A𝜌>?:@A ∙ 𝑉:D:?E 	  	  	  	  	  	  , (3) 
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Figure 6: Spectral reflectance changes with changing water content from saturated to 
air-dry. The time interval between spectra is 60 minutes (120 min for the last six hours 
for the Ithaca soil). Grey strips mark the major absorption bands; the dash-dotted line at 
1930 nm indicates the interpolated band depth, 𝑅<;  a) quartz sand dried for 510 minutes, 
b) masonry sand dried for 480 minutes, and c) Ithaca soil dried for 1020 minutes, 
shrinking significantly during the late stage drying. 
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2.3   Results 
Spectra collected at hourly intervals during the drying process are shown in Figure 
6 for all three soil types. Reflectance is highest when the soils are dry, with reflectance 
in the infrared being higher than in the visible. As water content increases, reflectance 
decreases at all wavelengths, but the decrease is much more pronounced in the infrared, 
especially at the major water absorption bands at 1440 nm and 1930 nm. The weaker 
water absorption bands at 970 nm and 1160 nm are only visible in the quartz sand 
spectra (Figure 6a). 
There are some features in the reflectance spectra that are consistent for all three 
soils during the drying process: 1) the change in reflectance is more pronounced at 
longer wavelengths, 2) the change in reflectance is more dramatic at the 1440 nm and 
1930 nm water absorption bands than at other wavelengths, 3) the 1930 nm absorption 
band is always deeper than 1440 nm band, and 4) reflectance change is slow during the 
first few hours of the drying period, becomes more rapid, and then slows again toward 
the end of the period. Other features in the reflectance spectra are not as consistent 
among the three soils. For example, two lesser water absorption features appear in the 
saturated quartz sand reflectance at 970 nm and 1160 nm, but are notably missing in the 
saturated reflectance spectra for the other two soils. The sequence of changes in 
reflectance also differs greatly among the three soils.  Reflectance of the quartz sand 
increases in the first 60 minutes of drying, stabilizes for about an hour, and then 
increases steadily for the next four hours until near the end of the drying period when 
reflectance increases sharply.  The masonry sand reflectance increase begins slowly, but 
accelerates over the first four hours and then increases abruptly, reaching what is very 
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nearly the dry reflectance except for the water absorption band at 1930 nm.  The Ithaca 
soil reflectance remains quite dark for the first four hours – essentially unchanged from 
the saturation level – and then increases steadily over a period of five hours, reaching 
the level of dry reflectance everywhere but at the water absorption band at 1930 nm.  
(Similar patterns were documented by Small et al. (Small et al., 2009) for a much larger 
range of soils.) The strong change in the SWIR absorption bands and the persistence of 
change when the soils are nearly dry suggest that they will be the most effective features 
for characterizing water content of the samples, especially during the final drying stages.  
2.3.1   Change in Band depth over the drying cycle 
The change in band depth over the full drying period for all four absorption bands 
and for each of the three test soils, along with the change in VWC  is shown in Figure 
7. For all three soils, the change in VWC is nearly linear until the very end of the drying 
period indicating a constant evaporation rate typical of soils drying under constant 
temperature and humidity (Schindler and Müller, 2006). For the quartz sand, the band 
depths for the weaker absorption bands (970 nm and 1160 nm) decrease monotonically 
with time, coincident with the decrease in VWC. The change in band depth is slight for 
the first 200 minutes, but changes somewhat more rapidly as the sample dries.  For the 
masonry sand and Ithaca soil, the 970 nm and 1160 nm bands are not readily apparent 
and change in band depths is negligible.  This is consistent with earlier observations 
(Knadel et al., 2014; Lesaignoux et al., 2013; Lobell and Asner, 2002; Nolet et al., 2014; 
Small et al., 2009). 
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Figure 7: Change in band depth (colored lines) and VWC (dotted black line) with 
elapsed time from saturation to air-dry; a) quartz sand, b) masonry sand, c) Ithaca soil. 
The solid vertical line indicates the maximum band depth at the 1930 nm; the dashed 
vertical lines indicate the minimum (negative) slope at 1930 nm. The heavy black solid 
lines mark the time and VWC values that coincide with the minimum slope. Figures are 
scaled to display equal time intervals. 
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For the longer wavelength absorption bands (1440 nm and 1930 nm) the change in 
band depth is much more pronounced and clearly nonlinear. Contradicting our initial 
hypothesis, the band depth is not directly correlated with surface soil water content, nor 
is it independent of soil type.  Instead, the band depth increases with decreasing water 
content, reaching a maximum near the end of the constant evaporation rate period, then 
decreasing sharply, finally leveling out and decreasing slowly until the sample is air dry.  
The explanation for this behavior lies in the contrasting absorption rates between the 
center and shoulder wavelengths of the absorption band.  When the soil is nearly dry, 
there is very little water in the pore spaces and the band depth is controlled by the very 
strong absorption (~	  137	  𝑐𝑚ST) at 1930 nm. This is an order of magnitude greater than 
the absorption at the shoulders of the absorption band (Kou et al., 1993). Thus, for nearly 
dry conditions, the band depth increases as the water content increases. Once there is 
sufficient water that there is substantial absorption at the shoulder wavelengths, the 
1930 nm light has been almost completely absorbed. From that point until saturation, 
the change in the band depth is due entirely to absorption at the continuum. Since there 
is no further absorption at the band center, the band depth decreases as the water content 
increases. The maximum in the band depth marks the transition between the two 
absorption rates and is tied to an optical path through the pore water. Fortuitously, this 
optical path appears to be characteristic of the amount of pore water present at the end 
of the drying period since the maximum band depth also occurs very near the transition 
from a nearly constant evaporation rate to a slower evaporation rate.  The pattern is 
illustrated in the following section using a simple model. 
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2.3.2   A Simple Model 
The general pattern of the change in band depth with water content can be duplicated 
using a very simple model, illustrated in Figure 8.  Consider reflectance from a slab of 
material, covered by a layer of water of depth, ℎ.  Radiance, 𝐿W, illuminates the surface, 
undergoes reflection, 𝑅>, at the water surface, and is refracted into the water at an angle, 𝜃. The radiance propagates through the water, attenuated only by absorption, 𝑎. The 
light is then reflected from a planar surface with reflectance, 𝑅>Y, which we will assume 
to be spectrally flat over the range of the absorption band. The reflected light returns to 
the water surface, again undergoes reflection and refraction, and exits the water surface 
as radiance, 𝐿Z.  
 
Figure 8: Illustration of a model of reflectance from a spectrally uniform, flat surface 
covered with a layer of water of depth, h. 
 The observed radiance, 𝐿Z, is given by, 
 𝐿Z = 𝐿W𝑅>Y(1 − 𝑅>)[𝑒S[?H ]^_ `	  	  	  	  	  , (4) 
which describes the two transmissions at the air-water interface, (1 − 𝑅>)[, a reflection 
at the water-soil interface, 𝑅>Y , and the two-way transmission through the water, 𝑒S[?H ]^_ ` .  Reflectance is then, 
 
 
 
𝐿W 𝐿Z 
𝑅>Y 
ℎ 𝜃 
𝑅> 
𝑅> 
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 𝑅 = 𝐿Z𝐿W = 𝑅>Y(1 − 𝑅>)[𝑒S[?H ]^_ `	  	  	  	  	  . (5) 
Since Fresnel reflectance, 𝑅>, at the water surface is slowly varying spectrally, it is 
treated as a constant with 𝑅> ≈ 0.02.  For our purposes the angle of incidence will not 
affect the relative change, and we will consider normal incidence and viewing, 𝜃 = 0. 
Finally, we ignore scattering losses, since over these short distances and at the 
wavelengths of interest, absorption will dominate the transmission loss. With these 
simplifying assumptions, the reflectance from the water-coated surface is given by: 
 𝑅 = 𝐿Z𝐿W = 𝑘	  𝑒S[?H	  	  	  	  	  , (6) 
where 𝑘 = 𝑅>Y(1 − 𝑅>)[.  The band depth, ∆𝑅<, computed with Equation (2) and using 
Equation (6) to determine the reflectance ,	  can now be written: 
 ∆𝑅< = 𝑅89: − 𝑅< = 𝑘[𝑒S[?fghH − 𝑒S[?iH]	  	  	  	  	  , (7) 
where 𝑘 = 0.96	  𝑅>Y, 𝑎< is the water absorption coefficient at the center of the water 
absorption band, and 𝑎89: is the interpolated water absorption coefficient at the band 
center. The value used for 𝑅>Y was the reflectance observed from each sample at the 
point of the minimum slope (dashed line in Figure 7). At that point, the sample appeared 
dry visually, but the spectrum was noticeably altered indicating that there was water at 
the surface. The model values for ∆𝑅< are shown in Figure 9 for the four absorption 
bands as the depth, ℎ, varies.   
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Figure 9: Modeled change in band depth vs. water optical path. 
This simple model reproduces the general shape of the curves in Figure 7, most 
noticeably for the quartz sand.  It also provides a basis for considering some of the 
general properties of the wet soil reflectance.  Firstly, all four band depths are described 
by the same equation in which only the absorption coefficients and the reflectance at the 
water-soil interface change.  The peak observed in the 1930 nm data late in the drying 
period is a function of the magnitude of the absorption coefficient over the wavelength 
range and the strength of the contrast between absorption at the center and shoulders of 
the band.  Absorption at the band center, being about an order of magnitude greater than 
the absorption at the shoulders, dominates the change in band depth for very small h, 
but after most of the light at the center wavelength has been absorbed, i.e., as 𝑒S?iH ⟶0, further change is controlled by absorption at the shoulder wavelengths.   
The depth,	  ℎ , can be found by taking the derivative of Equation (7), setting it equal 
to zero and solving for ℎ,   
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For the absorption feature at 1930 nm, the water absorption coefficient at the band 
center is 𝑎< = 136.7	  𝑐𝑚ST, and the interpolated absorption value is 𝑎89: = 14.5	  𝑐𝑚ST, 
which yields an effective optical depth, ℎ = 91.8	  𝑚𝑖𝑐𝑟𝑜𝑛𝑠.  A similar peak is apparent 
in the band depth curve for 1440 nm.  Its location is a function of the absorption 
coefficients in that wavelength range.  The peak is shifted to an earlier time and 
corresponds to a greater optical path, with ℎ ≈ 335	  𝑚𝑖𝑐𝑟𝑜𝑛𝑠. The model predicts a 
peak for the band depth at 970 nm and 1160 nm band as well, however the absorption 
coefficients are low enough that light that is not absorbed would be reflected before the 
required optical path (on the order of a centimeter) is achieved.   
 This is a simplistic model which serves to demonstrate that there is a link between 
the observations of the changing band depth at different wavelengths and an effective 
optical path, ℎ.  It has very little applicability beyond this application. An actual optical 
path in soil is not a depth, as portrayed in the model, but a segmented path that includes 
multiple reflections and refractions, and represents an average path of all the photons 
reaching the detector. Another important point is that the model is inappropriate for very 
small optical paths. In soils, when the water content is very low, the remaining water is 
usually adsorbed to the particle surfaces, not filling the pore spaces (Nolet et al., 2014).   
2.3.3   Sensitivity of the band depth at 1930 nm to VWC 
At this point it is worth revisiting the initial hypothesis that the depth of the water 
absorption bands would be less sensitive to the specific soil type.  We consider the 
absorption band at 1930 nm since it is the most sensitive to change and is strong in all 
 ℎ = 𝑙𝑛(𝑎</𝑎89:)2(𝑎< − 𝑎89:)	  	  	  	  	  . (8) 
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three samples. In order to remove dependence on drying rate, the band depth is plotted 
against the volume water content (VWC) in Figure 10. The absorption band depth at 
1930 nm is the most sensitive to the volumetric water content (VWC) in general, and is 
particularly sensitive once the evaporation rate has decreased. The change in band depth 
with moisture content was far from consistent among the three soil types, i.e., the initial 
hypothesis clearly fails. Indeed, the magnitude of the maximum band depth varies by 
almost a factor of three, and the pattern is markedly different for each of the soils. In 
particular, the maximum band depth occurs at widely different values of VWC. The one 
consistent characteristic across all three soils is that the band depth increases relatively 
slowly during most of the drying period, and then decreases rapidly for a relatively short 
range of VWC.  
 
Figure 10: Change in the 1930 nm absorption band depth for the three test soils. 
2.3.4   Band depth and VWC 
From Figure 7, it is apparent that, although the time required for drying differs 
substantially and the details of the changes in band depth are quite different for the three 
soils, the rate of change in VWC is constant for the bulk of the drying period, indicating 
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a constant evaporation rate.  For all three soils, the transition from a constant rate of 
change in VWC, to a much slower rate at the end of the drying period coincides 
consistently with the dramatic changes in the band depth at 1930 nm (Figure 7). This is 
essentially a convenient coincidence. The band depth maximum is associated with a 
rather specific optical path length, and the rapid decrease in band depth at 1930 nm 
would correspond to roughly half the optical path length at the maximum.  It appears 
that this range of optical path lengths correlates with the amount of pore water present 
when the evaporation rate slows from the essentially constant rate when there is more 
pore water present.  
In order to examine this idea further, the drying data are presented again in Figure 
11, this time presented together with the evaporation rate, calculated as a 20-minute 
running average, and plotted against the VWC.  The initial evaporation rate was nearly 
constant, and ranged between 0.0010 and 0.0012	  𝑔 ∙ 𝑐𝑚S[ ∙ 𝑚𝑖𝑛ST  for all three soils.  
This initial, steady-state period corresponds to stage-1 drying, a period during which the 
soil particles are hydraulically connected with a nearly constant water content at the 
surface, and continuously replenished through a network of water films connecting the 
pore spaces. Consistent with Figure 7, the vertical lines in Figure 11 represent the 
maximum band depth (solid line) and the minimum slope (dashed line) for the 1930 nm 
absorption band.  In each case, the band depth features coincide with the transition 
between stage-1 and stage-2 drying, with the maximum coincident with the beginning 
of the transition, and the minimum slope occurring once the transition has occurred. 
The consistency of the behavior of the 1930 nm band depth and its correspondence 
to the transition between stage-1 and stage-2 drying is rather surprising given the 
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differences among the three soil samples. The average particle sizes were very different. 
The quartz sand consisted predominantly of particles that were 0.05 mm or more in size. 
The Ithaca soil (silty loam) contained very little sand and much more clay (particle size 
< 0.002 mm), and shrank significantly during stage-2 drying, leaving a roughly 1 mm 
space around the edge of the sample holder.  The average particle size of the Masonry 
sand (coarse sand) was intermediate between the other two.  In addition, the actual 
amount of water present in the samples at the time of the transition varied by over an 
order of magnitude (Table 3).  This implies that, regardless of the particle size (or pore 
size) distribution, the water optical path at the surface prior to the transition from stage-
1 and stage-2 drying is enough to remove almost all the light at 1930 nm from the 
reflected radiation, and that the small amount of water at the surface during stage-2 
drying matches the range of effective absorption response at 1930 nm. 
Table 3. VWC at transition points for the different soils 
 Max. band depth Minimum Slope 
 Elapsed time VWC Elapsed time  VWC 
Quartz sand 450 min 0.023 480 min 0.005 
Masonry sand 250 min 0.110 330 min 0.037 
Ithaca Soil 330 min 0.258 490 min 0.138 
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Figure 11: Evaporation rate throughout the drying period for the three soils plotted with 
the band depth at 1930 nm.  The solid vertical line represent the maximum band depth 
for the 1930 nm absorption band; the dashed line marks the time most rapid change in 
the band depth for the 1930 nm absorption band.  
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2.4   Summary and Conclusions 
Changes in spectral reflectance with soil water content were examined by 
monitoring the spectral reflectance and weight of three different soil samples as they 
underwent evaporative drying, progressing from fully saturated to air dry. The samples 
were chosen to represent a range of properties: particle size distribution, texture, and 
drying characteristics, and there were significant differences in the general shape of the 
spectral reflectance of the three soils when dry. 
Working from the assumption that water absorption bands would be the spectral 
features most sensitive to subtle changes in water content, this paper focused on the 
most prominent bands in the shortwave infrared, those centered at 970, 1160, 1440, and 
1930 nm.  Band depth was selected as the primary metric since that would be most likely 
to be independent of soil type, and would be most directly related to the water content.  
The band depth for the 970 nm and 1160 nm absorption bands decreased monotonically 
over time as the VWC decreased.  Since the optical path lengths in the soil at these 
wavelengths were short relative to the attenuation length of water at these wavelengths, 
the change in band depth was moderate for the quartz sand over the drying time, and 
was much less – almost undetectable – for the Masonry sand and Ithaca soil (not shown).   
The change in band depths at the two longer wavelength absorption bands (1440 nm 
and 1930 nm) was much more dynamic. The 1930 nm band depth was particularly 
interesting, increasing for much of the drying period as the water content decreased, 
reaching a maximum near the end of the constant-rate (stage-1) drying period and then 
decreasing rapidly – a pattern that was consistent for all three soils.  As illustrated with 
a simple model, the band depth maximum resulted from the strong contrast in absorption 
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coefficients at the center and shoulder wavelengths, with absorption at 1930 nm strong 
enough that light at that wavelength was almost completely extinguished by absorption 
after traveling only a short optical path through the soil.    
The optical path required to extinguish light at 1930 nm appears to match the very 
small amount of pore water available near the end of the drying period.  As a result, the 
maximum band depth and the rapid decrease in band depth coincided with the transition 
from stage-1 to stage-2 drying.  This occurred for all three soils even though the particle 
size (and pore size) distribution, drying time, and water content at the time of the 
transition varied greatly among the three soil samples.  
This was a very limited study, using only three different soil examples.  Nonetheless, 
the results have some interesting consistencies and implications to guide future work: 
1.   The water absorption bands at 970 nm and 1160 nm have limited capacity for 
monitoring soil moisture content.  The response to water content was only 
substantial for the quartz sand, which was semi-translucent and had relatively large 
particle (and pore) sizes.  Most agricultural soils are likely to be more similar to the 
masonry sand or the Ithaca soil, which were opaque and had a wider size distribution, 
thus limiting the effective optical path of light through the soil. 
2.   If soil water content is not apparent in the 970 nm and 1160  nm absorption bands, 
then these bands may be characteristic of the canopy water content only, and not 
significantly affected by the underlying soil  This conclusion presumes that the 
spectral data have been atmospherically corrected, and supports the estimates of 
canopy water content derived from these bands (Clevers et al., 2010; Gao, 1996).  
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3.   The water absorption bands at 1440 nm and 1930 nm are extremely sensitive to soil 
water content over the full range of surface soil water content, from dry to saturated. 
That the bands are sensitive to water content was expected, but that the sensitivity 
would span the full range of water content was a bit surprising. It was also surprising 
that the band depth did not change monotonically with water content, but reached a 
maximum near the end of the drying period. The band depths at 1440 nm and 
1930 nm could be useful in proximal sensing where the user supplies the source 
light. It will be less useful for remote sensing since absorption by atmospheric water 
vapor severely depletes the radiation at the center of this wavelength range. 
4.   The band depth model suggests that it is the contrast in the water absorption 
coefficients at different wavelengths that is providing the sensitivity to water content.  
This suggests, in turn, that it is not necessary to observe a full absorption feature, 
but only enough of the range of the feature to capture a significant attenuation 
difference.  Since atmospheric absorption features are due to water vapor, and are 
spectrally shifted toward shorter wavelengths relative to liquid water absorption 
features (Wikipedia, n.d.), it may be possible to make use of the long-wavelength 
edge of the absorption bands.  
5.   The maximum band depth at 1930 nm occurs near the end of the stage-1 drying 
period. There is an order of magnitude difference in the absorption length between 
the center and shoulder wavelengths.  In effect, absorption at the shoulder 
wavelength is slowly varying while absorption at the center wavelength ranges from 
minimum (dry) to maximum at characteristic optical depth. Coincidentally, this 
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optical depth appears to be characteristic of a trace amount of liquid water being 
present in the pore spaces at the soil surface at the end of the drying period. 
It remains to verify and expand on these results by examining a wider range of soil 
types under controlled conditions, and modeling the underlying processes. 
  
  41 
3   CHAPTER 3: Spectral transmittance of a translucent sand 
sample with directional illumination 
3.1   Introduction 
Transmittance of sunlight into soil is a significant issue for both practical problems 
and theoretical studies. In agricultural applications, the penetration depth of UV, visible 
and near-infrared (VNIR) radiation into the soil is important for promoting the 
germination of seeds. Appropriately, transmittance measurements have generally been 
limited to the VNIR. Particular attention has been given to the 290-500 nm range, which 
is important for quantification of chemical and biological processes such as 
photochemical transformation of pesticides or other organic compounds (Balmer et al., 
2000; Hebert and Miller, 1990), while 660-730 nm radiation influences seed 
germination (Benvenuti, 1995; Bliss and Smith, 1985; Woolley and Stoller, 1978). 
Transmittance is also related to the depth at which the measured reflectance signal 
originates – the information depth (Ciani et al., 2005). As such, it is particularly useful 
in identifying the soil characteristics that contribute to reflectance, and can inform 
radiative transfer modeling (Banninger et al., 2004; Ciani et al., 2005; Philips-Invernizzi 
et al., 2001). Fenchel and Staarup (1971) found that the penetration depth was very 
sensitive to the particle size distribution, and  was rather strongly wavelength dependent 
in rinsed quartz sand. Woolley and Stoller (1978) found very strong wavelength 
dependence in the transmittance of a sand sample relative to that of a silty clay loam. 
Other studies have shown that penetration is deeper at longer wavelengths, and that 
particle size distribution influences the light penetration (Bliss and Smith, 1985; Haardt 
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and Nielsen, 1980). Explicitly, Bliss and Smith (1985) found that transmittance 
decreased sharply as the size of the sand particles decreased. Neema et al. (1987) 
reported and modeled data from Shah (1981) indicating that transmittance of visible 
light initially increased with moisture content, but then decreased as the pore spaces 
filled, a finding not noted elsewhere. Recent work has focused on the directional 
character of reflectance, i.e., the Bidirectional Reflectance Distribution Function (BRDF) 
(Bachmann et al., 2014; Baranoski et al., 2014). Given the sensitivity of the BRDF to 
the structure of the soil (e.g., density, pore space, particle size), this work suggests that 
there would also be a directional character to the transmitted radiation.  
In this paper, the purpose of viewing the change in transmission with illumination 
angle is to gauge the significance of forward scattering within the soil, and to consider 
how a change in illumination angle might affect the penetration depth. The authors’ 
previous studies (Tian and Philpot, 2014, 2016, 2015) showed that soil moisture 
strongly influences reflectance, but the relative importance of absorption and scattering 
remained unclear. The transmittance experiments presented here are intended to 
supplement the reflectance study, and help to separate the effects of internal scattering 
and absorption. The eventual goal is to have a general model that will characterize wet 
soils. 
Models of scattering by single particles that are large relative to the wavelength of 
incident light indicate that forward scattering will be strong, due in part to diffraction 
and reflection, and in part to refraction of transmitted light (Kimmel and Baranoski, 
2007; Hapke, 2012). While diffraction effects can generally be ignored for ensembles 
of particles (Hapke, 2012), the transmission and multiple scattering effects remain, 
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raising the possibility of a distinctly directional scattering phase function near the 
surface. While there are a number of examples of measurements of directional 
reflectance/scattering from soil surfaces (Bachmann et al., 2014; Deering et al., 1990; 
Souchon et al., 2011), the authors are not aware of any observations related to directional 
forward scattering in a medium as complex as soil. However, computational examples 
and observations exist for scattering by clusters of particles (Comberg and Wriedt, 1999; 
Holler et al., 2000, 1999; Videen et al., 1999). These suggest that the forward scattering 
will be both complex and sensitive to the size distribution, spacing and organization of 
the cluster, and would have implications for the effectiveness of attempts to invert the 
observations to extract information about the structure of the soil. 
In this paper, we measure the spectral transmittance of sand samples under both dry 
and saturated conditions, primarily focusing on how sand transmittance changes with 
varying illumination angle, and how adding water influences sand transmittance. We 
extend the sand layer transmittance measurements from the visible through the SWIR. 
Mandoli et al. (1990) indicated that sand transmittance increased dramatically with 
added water over 400-800 nm, however, transmittance should decrease in SWIR region 
due to the strong water absorption at longer wavelengths. Though the added water 
decreases the relative index of refraction at the surface of the sand particle, which is the 
reason for transmittance increase at shorter wavelengths (Hoa, 1981), water absorption 
is dominant at longer wavelengths, especially in the strong water absorption bands. Our 
initial hypothesis was that strong forward scattering characteristic of single particles and 
clusters of particles would be apparent in dense sand samples, and that this would be 
observable as a rapid decrease in transmittance as the angle of illumination increased. 
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While forward multiple scattering would be less distinct than single scattering, we 
expected the prominent forward scattering to be apparent in the transmittance 
measurements. Furthermore, while a wet sample might have an enhanced forward 
scattering in the VNIR region, the transmittance should fade quickly at longer 
wavelengths.  
3.2   Experimental design 
The work described here was designed to observe the change in penetration of light 
through a shallow sand sample as the incidence angle of the light source was varied 
from 0-70° under both air-dry and saturated conditions. In order to observe the influence 
of varying sand properties, five samples using two different materials with varied 
characteristics were monitored. Since transmittance was difficult to observe with dark 
samples due to the strong absorption, our observations were necessarily restricted to 
materials with low absorption. In this experiment, a translucent quartz sand sample, and 
an opaque, white aluminum oxide sand were observed. All experiments considered light 
over the spectral range 350-2500 nm. 
3.2.1   Sand sample 
The first three samples consisted of the same white, translucent quartz sand, and the 
last two samples consisted of pure aluminum oxide particles. As shown in Table 4 and 
Figure 12, samples 1 and 2 were quartz samples that differed in bulk density but had the 
same depth, while samples 1 and 3, both quartz sand with the same bulk density, 
demonstrate the influence of sample depth on the observations. The quartz sand sample, 
acquired from a golf course in Ithaca, NY, consisted of rough, quartz particles, and had 
a slightly yellowish color (Tian and Philpot, 2015). The experiment was repeated using 
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samples 4 and 5, a white aluminum oxide with a uniform particle size, purchased from 
Kramer Industries (Kramer Industries, n.d.). The experiment examined two different 
bulk densities. To estimate the porosity of the five samples, the material density of 
Samples 1 to 3 was estimated as 2.65 g/cm3, which is the quartz material density, and 
also the most commonly used density for sand particles (NRCS, n.d.). Sample 4 & 5 
were pure, white aluminum oxide with a material density of 3.95 g/cm3. Water was 
added slowly at the sample surface from one edge of sample holder, taking care not to 
disturb the sample surface near the detector field of view. Water was added until the 
sand surface was uniformly dark, i.e., the sample was near saturation internally, with a 
surface water film on the particles, but without water filling the surface pore spaces and 
no free liquid water at the surface. Therefore, the volumetric water content (VWC) was 
not consistent with the estimated porosity in Table 4. Below the surface, the sample was 
internally saturated. 
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Table 4. Sample properties 
 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 
Material Major SiO2 Major SiO2 Major SiO2 Pure Al2O3 Pure Al2O3 
Texture Coarse sand 
Particle size 
(mm) 
1.1% 1.0-2.0 mm;    85.0%  0.5-1.0 mm; 
10.1% 0.25-0.5 mm; 3.6%  0.1-0.25 mm; 
0.2% 0.05-0.1 mm;          0%  silt or clay. 
0.425 0.425 
Depth (mm) 3 3 4 3 3 
Bulk density 
(g/cm3) 1.19 1.32 1.19 1.65 1.97 
Estimated 
porosity 0.55 0.50 0.55 0.58 0.50 
VWC when 
wet 0.39 0.42 0.39 0.58 0.50 
 
  
  
Figure 12.  Microscopic images of the sand samples:  quartz sand: (a) air-dry, (b) 
saturated; aluminum oxide: (c) air-dry, (d) saturated. 
(a) (b) 
(c) (d) 
1 mm 1 mm 
1 mm 
1 mm 
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3.2.2   Experimental setup 
Figure 13 shows a sketch and a photo of experimental apparatus. Illumination was 
provided by an ASD Pro Lamp, a 50 Watt halogen-based light source designed to 
provide stable illumination over the 350 to 2500 nm range. The lamp was mounted on 
a 1.12 m-long arm (𝑟s), which was attached to an RM-5 motorized rotary stage from 
Newmark systems Inc.  The rotary stage was mounted vertically on the base frame, 
allowing automated positioning of the light source at specific illumination angles. The 
spectrometer, an ASD FieldSpec® 4, has a spectral range of 350–2500 nm. The spectral 
resolution of the spectrometer ranges from 3 nm in the visible to 12 nm at 2100 nm, 
with a sampling interval of 1 nm. A fiber optic probe, fitted with a 3° field of view (FOV) 
fore optic, was placed below sample holder pointing directly upward and was directly 
in line with the light source when lamp was in the zenith position. 
The sample holder, illustrated in Figure 14, consisted of a cylindrical base with an 
internal ledge designed to hold a 10 cm diameter, 6.5 mm thick, uncoated, 
BOROFLOAT® Window (Edmund Scientific, 2016), with better than 90% 
transmittance over the 350-2000 nm range. Transmittance of the window degrades 
beyond 2000 nm, but remains above 70% at 2500 nm. The edge of the sample holder 
base was flush with the top surface of the optical window. Rim inserts, designed to fit 
into a ridge on the outer edge of the base, define the sample depth. For the control 
measurement and bulk density-variable experimental measurement reported here, a 3 
mm deep rim insert was used ( Figure 14). For the sample depth-variable experimental 
measurement, both 3 mm and 4 mm deep rim inserts were used. In each case, the sample 
surface was positioned at the axis of motorized rotary stage. In order to minimize 
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reflections from below, the support for the sample holder was lined with black felt 
except for a viewing port for the fore optic. In the experiments, the sample holder was 
initially filled with a dry sample, and the surface was leveled with a metal straight edge 
providing a uniform, level surface. Figure 3b shows the plan view of the sample holder 
shown in the experimental apparatus Figure 13. To present clearly, only half sand 
sample was added; the 3° fore optic can be seen on left side with white paper as 
background for better contrast. In experiment, the fore optic was viewing the center of 
the sample holder and the sand was distributed evenly. 
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Figure 13. Experimental apparatus: (a) sketch, (b) photo. 
𝑟s 
 3° fore optic 
𝜃 
Sample holder 
(a) 
(b) 
(a)
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 Figure 14. Sample holder: (a) design sketch and (b) photo (with half sample). 
 
3° fore optic 
Black felt 
White paper 
(for contrast) 
(a) 
(b) 
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3.3   Experimental procedure 
To calculate transmittance through sample, the radiance at the sample surface and 
the transmitted radiance through sample are necessary. The transmittance of the window 
must also be considered.  
3.3.1   Irradiance at the sample surface 
Since the FieldSpec®4 spectrometer saturated – even at the shortest integration time 
– when viewing the light source directly, an alternate procedure was required to 
determine the radiance at the sample surface. This was done by observing the reflectance 
of a calibrated, diffuse reflectance standard and computing the radiance at the surface. 
The experimental setup is the same as that shown in Figure 15 but without the 
BOROFLOAT window. 
A 99% reflectance, calibrated Spectralon® panel was illuminated from the zenith 
direction, and the radiance was observed at a small angle. The assumption was that the 
reflectance panel was very nearly Lambertian at small angles. An observation angle of 
5 degrees, represented as 𝜃Y:W  in Figure 15, was sufficient to avoid any shadowing of 
the sample by the 3° fore optic. With the measured radiance at 5° represented as 𝐿Y:W, 
the irradiance at the sample surface, 𝐸s, is calculated as:  
𝐸s = 𝜋 ∙ 𝐿Y:W𝑅Y:W ∙ 𝑐𝑜𝑠	  (𝜃Y:W)	  	  	  	  	  	  ,	   (9)	  
where 𝑅Y:W  is the calibrated reflectance of the Spectralon® standard.   
3.3.2   Transmittance of the BOROFLOAT® window 
To characterize the BOROFLOAT® glass transmittance, the window was placed on 
top of the reflectance standard for radiance measurements as shown in Figure 15. 
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Radiance transmitted through the glass window is reflected by the standard and detected 
at 𝜃Y:W . The radiance, 𝐿G, observed at the detector is then given by: 
𝐿G = 𝜏s𝜏`whxK1 − 𝑅?GLy𝐸s 𝑐𝑜𝑠 𝜃Y:W 𝑅Y:W/𝜋	  	  	  	  	  	  ,	   	  	  (10)	  
where 𝑅Y:W  is the reflectance of a Lambertian standard, 𝜏`whx = exp	  (−𝑎G𝑑G sec 𝜃Y:W) 
is the transmittance of the incident radiation, 𝜏s is the transmittance of the reflected 
radiation vertically through the glass (𝜏s = 𝜏`whxwhen 𝜃Y:W = 0),  𝑎G is the absorption 
coefficient of the glass window, 𝑑G  is the thickness of the window, and 𝑅?G  is the 
Fresnel reflectance coefficient for normally incident light at the air-glass interface. With 𝜃Y:W = 5°, and sec 𝜃Y:W = 0.996, the effective transmittance, 𝜏G, of the glass window 
can be approximated as: 
𝜏G ≅ 𝜏s𝜏`whxK1 − 𝑅?GL[ = 𝐿G 𝐿Y:W⁄ 	   (11)	  
where 𝐿Y:W  represents the radiance collected from the reflectance standard directly 
(without the glass window), and 𝐿G is the radiance collected (Figure 15). The reflectance 
at the air-glass interface is included in the transmittance factor since the surface loss is 
a consistent contribution to the transmittance factor. 
Figure 16 shows the experimentally determined spectral transmittance of the glass 
window. As mentioned above, the transmittance is high from 350 nm to 2000 nm, above 
96% except for an absorption feature centered at 1400 nm. At wavelengths greater than 
2000 nm, transmittance decreased.  
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Figure 15. Glass window transmittance estimate setup. 
 
 
Figure 16. Glass window transmittance estimate. 
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3.3.3   Transmitted radiance measurements 
Transmitted radiance measurements were made using the arrangement illustrated in 
Figure 13, with the fore optic viewing vertically upward through the quartz glass 
window and sand sample. The lamp, controlled by the RM-5 motorized rotary stage, 
was positioned at 5-degree intervals from 0-70°, at a fixed distance, 𝑟s, from the sample 
surface. Observations were restricted to the left side because the support for sample 
holder would have blocked light from right. The integration time was set with the lamp 
in the 0° position, and the same integration time was used for all illumination angles.  
3.3.4   Transmittance calculation and experimental procedure 
The light source was far enough away from the sample holder that the area covered 
by the lamp beam was significantly larger than field of view of the detector, and much 
larger than the depth of the sample. After reflective loss, 1 − 𝑅` , at the surface, the 
irradiance propagates diffusely through the sand sample, attenuated by scattering and 
absorption:  
𝐸(𝑧, 𝜃) = (1 − 𝑅`) ∙ 𝐸s 𝑐𝑜𝑠 𝜃 ∙ 𝑒S	  	  	  	  	  	  ,	   (12)	  
where the attenuation coefficient, k, accounts for both scattering and absorption 
losses, and z is the average optical depth. Note that, due to multiple scattering, the 
average optical path through the sample is proportional to but greater than the sample 
depth. We also assume that the sand sample is optically uniform (i.e., a uniform particle 
size distribution and uniform orientation) both horizontally and vertically, so that k may 
be taken as a constant for a given wavelength. Transmittance may then be defined as  
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𝑇 = 𝐸(𝑧, 𝜃)𝐸(0, 𝜃) = 𝑒S	  	  	  	  	  	  	  	  .	   (13)	  
After passing through the quartz window with transmittance, 𝜏G, there is reflective 
loss at the glass surface, 𝑅YG (a combination solids/glass and air/glass interface when 
dry, or water/glass when saturated), the irradiance at the detector is 𝐸W@:(𝑧, 𝜃) = (1 − 𝑅YG)𝜏G𝐸(𝑧, 𝜃)	  	  	  	  	  	  .	   (14)	  
Assuming that the irradiance at the detector is essentially diffuse, the observed 
radiance is simply 
𝐿W@:(𝑧, 𝜃) = 𝐸W@:(𝑧, 𝜃)𝜋 	  	  	  	  	  .	   (15)	  
An expression for the transmittance of a sample may now be written in terms of the 
observed radiance by combining Equations (5), (6) and (7): 
𝑇 = 𝜋 ∙ 𝐿W@:(𝑧, 𝜃)𝜏G ∙ (1 − 𝑅`)(1 − 𝑅YG) ∙ 𝐸s ∙ 𝑐𝑜𝑠 𝜃 = 𝑒S	  	  	  	  	  ,	   (16)	  
where 𝐿W@:(𝜃YA<) is the radiance at the detector below the sand sample, and 𝑅`  is the 
reflective loss at the sample surface. Substituting for 𝐸s using Equation (1), we may 
write: 
𝑇 = 𝐿W@:(𝑧, 𝜃)𝜏G ∙ 𝑐𝑜𝑠 𝜃 ∙ 𝑐𝑜𝑠(𝜃Y:W) 𝑅Y:W(1 − 𝑅`)(1 − 𝑅YG) ∙ 𝐿Y:W = 𝑒S	  .	   (17)	  
Since 𝑅`  and	  𝑅YG	  are unknown, our transmittance measurements are computed as: 
𝑇′ = 𝐿W@:(𝑧, 𝜃)𝜏G ∙ 𝑐𝑜𝑠 𝜃 ∙ 𝑐𝑜𝑠(𝜃Y:W) 𝑅Y:W𝐿Y:W = (1 − 𝑅`)(1 − 𝑅YG) ∙ 𝑒S	  .	   (18)	  
All quantities in the center expression of Equation (18) are known. Measurements 
were first made with air-dried samples. The samples were then saturated with water and 
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the sequence was repeated. Water was added at the edge of the sample holder farthest 
from the viewing port in order to minimize changes of particle distribution within the 
viewing area.  
3.4   Results 
3.4.1   Dry sample transmittance 
Transmittance spectra for the three quartz samples under dry conditions are shown 
in Figure 17a, b, and c. The shapes of the transmittance spectra are similar for all three 
dry samples. Excepting the anomalously high transmittance in Figure 17a with 𝜃 = 0°, 
when the detector is directly in line with the lamp, the magnitude decreases gradually 
and uniformly as the illumination angle increases. The dry, low bulk density sample 1 
(Figure 17a) has the greatest average transmittance among the three quartz samples. 
Interestingly, the transmittance spectra of samples 2 & 3 (Figure 17b, c) are very similar 
in magnitude, with that for sample 3 – the deeper, low density sample – being only 
slightly lower.  
Figure 18a, b show the transmittance of the dry Aluminum Oxide sample, samples 
4 & 5, at varying illumination angles. The transmittance of the dry, high bulk density 
sample is generally lower than that of the dry, low bulk density sample, which is 
consistent the quartz sand sample results. This is as expected, since the higher density 
should increase the probability of scattering and absorption. (The small impulse at 694 
nm is caused by Cr3+ impurities in the Al2O3.) Compared to Figure 17, the transmittance 
of Al2O3 is relatively high in the visible, and is more uniform over the spectrum. The 
gradual decrease in transmittance with changing illumination angle for Al2O3 is similar 
to that for quartz sand.  As with the quartz sand, transmittance through the Al2O3 at the 
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0° illumination angle is slightly stronger than might be expected from the change with 
angle (Figure 18a), but only slightly. 
3.4.2   Saturated sample transmittance 
For the saturated samples (Figure 17d, e, f, and Figure 7c, d) there are three general 
differences relative to dry samples: 1) water absorption features dominate at longer 
wavelengths, 2) transmittance is enhanced in the VNIR region, 3) transmittance changes 
with increasing illumination angle occur at about the same rate for both dry and 
saturated samples. One particular difference between dry and wet low density samples 
(Figure 17a, b and Figure 18a, b) is that, the anomalously high transmittance at 𝜃 = 0 
only occurs with the dry samples; it is not apparent in the wet sample spectra. 
3.4.3   Transmittance change with illumination angle 
Our observations did not support the presence of strong, forward scattering from the 
directional illumination, nor did they provide any evidence of a complex structure in the 
transmitted light. As seen in Figure 16 and Figure 17, the change in transmittance is 
gradual and directly proportional to the incidence angle. Exceptionally high 
transmittance only occurs with the dry, low-density, 3-mm deep samples, and only at 
the 0° scattering angle. There is no apparent increase at 5 degrees. Even this small, 0° 
anomaly disappears with higher bulk density at the 3-mm depth (Figure 17b and Figure 
18b) or at the low density and a greater depth increment (Figure 17c). While it is possible 
that the scattering pattern is more complex at shallower depths, at the shallowest depth 
at which it was feasible to make these observations, the transmitted radiation is already 
effectively diffuse.  
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Figure 17. Transmittance for the quartz sand samples 1, 2 and 3 under air-dry (a, b, c) 
and saturated (d, e, f) conditions, respectively, with the illumination angle changing in 
5° increments from 0-70°.   
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Figure 18. Transmittance for the Al2O3 samples 4 and 5 under air-dry (a, b) and saturated 
(c, d) conditions, respectively, with the illumination angle ranging from 0-70°, in 5° 
increments. 
3.4.4   Water influence on spectral transmittance  
In the SWIR region, water absorption dominates as seen in Figure 17d-f and Figure 
18c-d. This is especially true at the two strong water absorption bands, centered at 1440 
nm and 1930 nm, where water absorption is so strong that radiation scarcely reaches the 
detector. At 1700 nm, between the strong water absorption bands, transmittance is 
substantially reduced, confirming the dominance of water absorption at the longer 
wavelengths. 
The striking contrast between the VNIR and SWIR transmittance of the saturated 
samples can be explained by the range of the water absorption coefficient – 6 orders of 
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magnitude – between 400 nm and 2500 nm (Kou et al., 1993; Pope and Fry, 1997).  The 
high water absorption coefficient in the SWIR region insures that light is absorbed over 
very short path lengths. As can be seen in the spectra of all five samples, an important 
transition occurs near 1300-1330 nm. Table 5 lists the wavelength at which the 
transmittance of the wet sample changes from greater than, to less than that of the dry 
sample based on the spectrum for the 5° illumination angle. The water absorption 
coefficient ranges from 1.3 – 2.2 cm-1 in the 1300 to 1330 nm interval. In effect, at 
wavelengths less than 1300 nm absorption is primarily due to the sand particles; at 
wavelengths greater than 1330 nm, when water absorption coefficient is larger than 3.1 
cm-1, water absorption is the dominant feature. 
Table 5. Boundary wavelength to distinguish forward scattering and water 
absorption domination 
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 
1322 nm 1324 nm 1312 nm 1319 nm 1307 nm 
 
In Figure 19, three wavelengths representing the visible (500 nm), NIR (900 nm), 
and SWIR (1700 nm) are selected to illustrate the change in transmittance with 
illumination angle and to compare the water influence on sand transmittance. In addition, 
a band representing a weak water absorption feature in the NIR (970 nm) is illustrated. 
As was seen in Figure 17a, the transmittance of the low-density quartz (Sample 1) is 
more pronounced with illumination at zenith than it is at tilted angles. Except for zenith 
illumination, transmittance decreases gradually with increasing illumination angle. 
Transmittance increases in the VNIR when the sample is wet. This is a direct 
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interface replaces the air/water interface (Twomey et al., 1986). The increase in forward 
scattering is large enough that, the transmittance of the saturated sample is stronger than 
that of the dry sample. This is true even at center of the water absorption feature at 970 
nm. At the SWIR wavelength (1700 nm), the effect of adding water is to drastically 
reduce transmittance due to absorption by the water.  As with the dry sample, 
transmittance decreases gradually with increasing illumination angle.  
The general pattern is repeated for the low-density Al2O3 (Sample 4, Figure 18b). In 
this case the dry reflectance is nearly the same for all the selected wavelengths, and the 
rate of decrease in reflectance with illumination direction is also very similar. There is 
only a slight increase in transmittance at normal incidence. As with the quartz, 
transmittance increases markedly in the VNIR channels when the sample is saturated, 
and decreases sharply in the SWIR channel. There is also difference in the pattern of 
decreasing transmittance with the dry sample curves being slightly convex, and the wet 
sample curves being slightly concave. 
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Figure 19. Transmittance comparison for a) low-density quartz (Sample 1), and b) low-
density Al2O3 (Sample 4) between dry and saturated conditions at 500 nm, 900 nm, 970 
nm and 1700 nm. 
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3.4.5   Angular dependence of transmittance  
To study how different components influence transmittance with varying 
illumination angle, Equation (10) is recalled. Because the average optical depth, z, 
should be related to illumination angle, it is represented as 𝑑𝑓(𝜃), where 𝑑 is the sample 
depth, and 𝑓(𝜃) represents the weighted value. Then, Equation (18) can be rewritten as: 
𝑇 = (1 − 𝑅`)(1 − 𝑅YG)𝑒SWF(`)	  	  	  	  	  .	   (19)	  
To study the relationship between transmittance, 𝑇 , and sand thickness, d, the 
natural logarithm is taken of Equation (19), yielding, 𝑙𝑛 𝑇 = 𝑙𝑛(1 − 𝑅`)(1 − 𝑅YG) − 𝑘𝑑𝑓(𝜃)	   (20)	  
Given the apparent diffuse nature of the radiation, it is reasonable to assume that the 
3 mm low density and 4 mm low density quartz sand samples would have the same 
extinction coefficient, 𝑘, since the sample composition and bulk density are constant. 
To examine this assumption, kf(θ) is calculated by taking the derivative of Equation 
(20) with respect to depth. The results are plotted in Figure 20 vs. illumination angle in 
both dry and wet conditions. Figure 20 suggests that 𝑘𝑓(𝜃)  is not sensitive to the 
illumination angle; indeed, the illumination angle appears to have no influence on 
attenuation within a sand sample.  
A second point worth noting in Figure 20 is that 𝑘𝑓(𝜃) decreases in the VNIR when 
wet, and increases in the SWIR.  Since there is no angular dependence, 𝑓(𝜃) is expected 
to be the same whether the sample is dry or wet. The corollary is that these differences 
are due entirely to the extinction coefficient. The decrease in attenuation in the VNIR is 
consistent with the increase in forward scattering (and decrease in backscattering) due 
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to the change in the relative index of refraction.  The increase in attenuation in the SWIR 
is consistent with the increase in absorption by water. The lack of angular response is 
consistent with the assumption that the forward scattered light is diffuse and not 
directional.  
If attenuation is independent of the illumination angle, then sensitivity to 
illumination must be due to reflectance. The intercept, 𝑙𝑛(1 − 𝑅`)(1 − 𝑅YG) can be 
determined by linear fitting of equation (20) using the two samples at different depths. 
The resulting values of (1 − 𝑅`)(1 − 𝑅YG) in Figure 21 show a clear, almost linear 
sensitivity to illumination angle in both dry and wet conditions. At all four wavelengths, (1 − 𝑅`)(1 − 𝑅YG) is always higher when wet; the increment is ~20%.  This is due to 
the smaller relative refractive index of water/particle compared to air/particle. The 
average	  (1 − 𝑅`)(1 − 𝑅YG) is always lower for the wet sample (i.e., wet soil is darker 
than dry soil). 
Since the refractive indices (real part) of air, water and quartz (silicon) are only 
weakly sensitive to wavelength over 350-2500 nm (Hale and Querry, 1973; Kitamura 
et al., 2007; Kou et al., 1993), it is reasonable to assume that 𝑅YG is constant with respect 
to the illumination angles under either dry or wet condition. Then, the linear sensitivity 
to illumination angle shown in Figure 21 should be primarily related to the surface 
reflective loss, 𝑅` . 
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Figure 20. Attenuation coefficient of low bulk density quartz sand sample vs. 
illumination angle when a) dry and b) wet. 
 
Figure 21. (1 − 𝑅`)(1 − 𝑅YG) of 3 mm, low bulk density quartz sample changes vs. 
illumination angle. 
3.5   Summary and conclusion 
Changes in spectral transmittance with illumination direction were examined by 
monitoring SiO2 and Al2O3 sand samples under air dry and saturated conditions, and 
adjusting the bulk density and depth of the samples. The illumination angle varied from 
0° to 70°, in 5° increments. Both of the materials selected, were light in color (weakly 
absorbing), and essentially free of organic material, in order to insure a measurable 
transmission. It was not possible to make reliable measurements with sample depths less 
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than 3 mm with the current experimental design and procedure, and observations at 
depths greater than 4 mm resulted in weak and noisy signals.   
The overall goal was to examine the sensitivity of transmitted radiation to changes 
in illumination direction in order to inform the design of a physical model of reflectance 
from a granular material. Since the samples consisted of sand particles, which are much 
larger than the illuminating wavelengths, forward scattering from single particles would 
be strong, and highly directional. The working hypothesis was that the directional 
character would be apparent in the transmitted light. Both dry and saturated conditions 
were considered since forward scattering would be enhanced with water filling the pore 
spaces. In either case, a strong response to directional illumination would suggest a need 
for a model to account for directional radiative transfer below the surface in addition to 
describing the interactions at the surface. 
An anomalously high transmittance was only observed for the 3 mm, low bulk 
density, dry quartz sand, and only at the 0° illumination angle. All other observations 
suggested that the light field was essentially diffuse. Relative to the dry samples, 
transmittance of the wet sample increased at short wavelength (<1300 nm), which is 
consistent with the enhancement of forward scattering due to the change the relative 
index of refraction. In contrast, transmittance decreased sharply at longer wavelengths 
(>1330 nm) for all five samples due to the very strong absorption by water at these 
wavelengths.  
An analysis of the transmittance of the low bulk density quartz sand sample with 3 
and 4 mm depth, suggested that transmittance is not sensitive to change in illumination 
angle. In particular, the computed extinction coefficient showed no variation with 
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illumination angle, and a simple model suggested that the observed change with 
illumination angle could be attributed entirely to surface reflection loss. 
Although this is a limited study, primarily using quartz sand samples (with 
aluminum oxide as verification), several conclusions may be drawn: 
1.   A few millimeters of low-absorption sand (roughly 1 attenuation length) can diffuse 
a directional beam thoroughly.  
2.   Transmittance through wet sand increases (relative to dry sand) at wavelengths less 
than 1300 nm. The increase in transmittance is due to the change in the relative index 
of refraction. Since water is weakly absorbing in visible and near infrared over the 
path lengths observed, it can be inferred that the lower reflectance of wet sand 
(Figure 12) is due primarily to the increased absorption by the sand due to the 
increased penetration of light.  
3.   Transmittance at wavelengths greater than 1330 nm was reduced due to strong 
absorption by water. Interaction with the sand particles is actually limited. Lower 
reflectance of wet sand in this spectral range is due to increased absorption by water 
over a much shorter optical path.  
4.   Based on a simple model, most of the directional variation due to the change in 
illumination angle appears to be accounted for by surface reflective loss. The 
implication is that the directional reflection may be treated approximately as a 
surface phenomenon, with the volume reflectance contributing a diffuse component. 
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4   CHAPTER 5: Soil directional (biconical) reflectance in the 
principal plane with varied illumination angle under dry and 
saturated conditions 
4.1   Introduction 
Soil moisture is a key factor for many fields of study, ranging from hydrology and 
agronomy to meteorology (Wigneron et al., 1999). The most commonly used methods 
for soil water content measurements are ground-based techniques (time domain 
reflectometry, frequency domain sensors, etc.) and microwave remote sensing. Passive, 
optical remote sensing has also been used to study soil moisture content even though 
reflectance is derived from the first several millimeters of soil at most (Ciani et al., 2005; 
Liang, 1997; Tester and Morris, 1987; Zhang et al., 2003). In spite of the shallow 
penetration, changes in reflectance are commonly related to volumetric changes in soil 
water content (Khanna et al., 2007; Leu, 1977; Lobell and Asner, 2002; Nolet et al., 
2014; Sadeghi et al., 2015). The presence of moisture greatly influences spectral 
reflectance in both the VNIR and SWIR. Broadly speaking, reflectance decreases with 
increasing water content with the effect being more pronounced at longer wavelengths 
especially in the major water absorption bands (Tian and Philpot, 2015b). 
Many researchers have observed the change in the spectral reflectance of soils due 
to moisture, and some have found empirical, predictive relationships with spectral 
reflectance values, but these are generally influenced by soil type, and are biased by the 
reflectance of the dry sample (Haubrock et al., 2008). Some generalization appears to 
be possible; for example, Sadeghi et al. (2015) were able to find general relationships 
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for three broad groups of soil types. However, the physical link connecting soil type, 
water content and spectral reflectance remains an unsolved problem. 
In addition to soil moisture, optical remote sensing has also been used to extract soil 
physical properties (Dematte et al., 2010; Helfenstein and Shepard, 2011). Directional 
reflective properties of surfaces, e.g., the bi-directional reflectance distribution function 
(BRDF), or its measurable counterpart, the biconical reflectance factor or conical-
conical reflectance factor (CCRF) (Schaepman-Strub et al., 2006) give additional 
information about some properties of the observed surfaces, such as their smoothness, 
density, geometry, and other properties (Bachmann et al., 2014; B. Hapke, 2012; Peck 
et al., 2015; Renhorn and Boreman, 2008). Compared to unidirectional measurements, 
CCRF is more responsive to structural details of the soil surface. In recent research, 
relationships between CCRF and soil properties have been documented in laboratory 
experiments, field studies, and satellite remote sensing observations (Cierniewski et al., 
2010; Croft et al., 2012; Gatebe et al., 2003; B. Hapke, 2012; Karnieli and Cierniewski, 
2001; Wu et al., 2009). 
Because soil physical properties and soil moisture content are intermingled in most 
soil reflectance studies, we focus here on how soil moisture content influences the 
directional reflectance of soil. Yang et al. (2011) indicated that the Hapke model can be 
extended to soil moisture content study with three selected bands, and an H-function 
has also been used to characterize saturated particulate layers, but only in the visible 
domain(Zhang and Voss, 2006). However, there is limited work focusing on how soil 
moisture influences directional reflectance over the whole optical domain. In this paper, 
we measure the directional spectral reflectance (CCRF) of soil samples under both dry 
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and saturated conditions in the principal plane. We primarily focus on how directional 
spectral reflectance of soil changes with added water in the optical domain. The 
saturated soil samples we used are inner saturated, i.e., with only an adsorbed water 
layer on the surface. Although the directional difference may be weakened due to the 
refractive index of adsorbed water, there was no free water on the sample surface, and 
no obvious specular reflectance. Thus, we expect that directional reflectance of the 
saturated soil will still be sensitive to the angle of illumination and observation, and that 
the forward reflectance will be strengthened.  
4.2   Experimental design 
The work described here was designed to observe the change in directional 
(biconical) reflectance in the principal plane, of both air-dried and internal saturated soil 
samples with the incidence angle of the light source sequentially fixed at -10°, -40°, and 
-70°. The observation angle ranged from -60° to +60°, with an interval of 5°. Three soil 
samples were observed; these varied in particle size distribution, color, and organic 
matter content. All experiments considered light over the spectral range 350-2500 nm. 
4.2.1   Sand sample 
Three soil samples (Table 6) were observed in the experiments: a white quartz sand, 
masonry sand, and a typical Ithaca-area soil (Figure 22). The quartz sand, acquired from 
a golf course in Ithaca, NY, consisted of rough, quartz particles, and had a slightly 
yellowish color. The masonry sand was the darkest sample. The Ithaca soil, acquired 
from local orchard, consisted of higher organic matter content and finer particle size. 
Water was added slowly at the sample surface from one edge of sample holder, taking 
care not to disturb the sample surface near the detector field of view. Water was added 
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until the sand surface was uniformly dark, i.e., the sample was near saturation internally, 
with a surface water film on the particles, but without water filling the surface pore 
spaces and no free liquid water at the surface. Below the surface, the sample was 
internally saturated. 
Table 6. Soil sample properties 
 Quartz sand Masonry sand Ithaca soil 
Texture Coarse sand Coarse sand Silt 
1.0-2.0 mm 1.1% 2.6% 0.2% 
0.5-1.0 mm 85.0% 15.7% 0.4% 
0.25-0.5 mm 10.1% 27.0% 0.5% 
0.1-0.25 mm 3.6% 40.6% 1.2% 
0.05-0.1 mm 0.2% 7.8% 1.0% 
silt 0 4.3% 77.0% 
clay 0 2.0% 19.2% 
Organic matter 0 0.2% 5.3% 
Bulk density 1.34 g/cm3 1.46 g/cm3 0.86 g/cm3 
VWC when saturated 0.40 0.37 0.49 
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a)   Quartz sand b) masonry sand 
 
c)  Ithaca soil 
Figure 22. Soil samples for a) quartz sand, b) masonry sand, and c) Ithaca soil, all at the 
same scale. 
4.2.2   Experimental setup 
Figure 1 shows a sketch of the experimental setup. Illumination was provided by an 
ASD Pro Lamp, a 50 Watt halogen-based light source designed to provide stable 
illumination over the 350 to 2500 nm range. The lamp was mounted on a rotating arm 
at a fixed 1.12 m distance from the sample surface. The arm was positioned to provide 
illumination at specific angles. The spectrometer, an ASD FieldSpec® 4, has a spectral 
1 mm 
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range of 350–2500 nm. The spectral resolution of the spectrometer ranges from 3 nm in 
the visible to 12 nm at 2100 nm, with a sampling interval of 1 nm. A fiber optic probe, 
fitted with a 3° field of view (FOV) fore optic was mounted on a separate rotating arm, 
and viewed the samples surface at a fixed distance of 20 cm for all viewing angles. All 
observations were made in the principal plane, with illumination angle, 𝜃8 , and 
observation angle, 𝜃D. All angles in the illumination quadrant are designated as negative 
(backward direction), and all angles in the other quadrant are designated as positive 
(forward direction). 
The sample holder was a 0.8 cm deep black Delrin cylinder with a 10.2 cm inner 
diameter. The volume of the sample holder was then 65.4 cm3. Reflectance was 
determined by measuring the radiance from the sample relative to a calibrated, white 
(99% reflectance) Spectralon® standard panel. 
In each case, the sample surface was positioned at the common axis of the motorized 
rotary stage and viewing mount. The sample holder was initially filled with a dry sample, 
and the surface was leveled with a metal straight edge providing a uniform surface. The 
fore optic viewed the center of the sample holder. 
  74 
 
Figure 23. Experimental setup sketch. 
4.2.3   Experimental Procedure 
To achieve accurate spectral reflectance of each sample and simplify the 
experimental operation, two calibrations were conducted: 1) panel calibration for each 
illumination angle, and 2) reflectance calculation for each observation angle. 
For the illumination calibration, the 99% reflectance standard, a calibrated 
Spectralon® panel, was illuminated from 𝜃8 = −8°, −10°, −40°, and −70°, and the 
radiance was observed at nadir with a 3° FOV fore optic. The −8° illumination angle 
radiance was used as the primary standard, corresponding to the manufacturer-provided 
calibration reflectance. Calibration at the other three illumination angle was determined 
relative to the observations at 𝜃8 = −8°. Based on the Beer-Lambert cosine law, with 
an illumination angle of 𝜃8	   , and an observation angle of 0°, the standard panel 
calibration, 𝑅Y:W(𝜃8, 0), is calculated as: 	   𝑅Y:W(𝜃8, 0) = 𝐿Y:W(𝜃8, 0)𝐿Y:W(8, 0) ⋅ 𝑐𝑜𝑠 8°𝑐𝑜𝑠 𝜑 ⋅ 𝑅Y:W(−8, 0)	  	  	  ,	   (21)	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where 𝑅Y:W(−8, 0) is the standard panel calibration provided by Labsphere (Labsphere, 
2017). 𝐿Y:W(𝜃8, 0) and 𝐿Y:W(−8, 0) are radiances measured at nadir (𝜃𝑜 = 0°) and 𝜃𝑖 =−8° illumination angle, respectively. 
The observation angle also influences the reflected radiance directionally. To 
remove the directional dependence of the observation angle, the radiance observed at 
angle, 𝜃D , was collected for both the standard panel and the soil samples at three 
illumination angles (i.e. 𝜃8 = -10°, -40°, and -70°). The soil sample reflectance, 𝑅Y(𝜃8, 𝜃D), was then calculated as: 	   𝑅Y(𝜃8, 𝜃D) = 𝐿Y(𝜃8, 𝜃D)𝐿Y:W(𝜃8, 𝜃D) ⋅ 𝑅Y:W(𝜃8, 0)	  	  	  ,	   (22)	  
where 𝐿Y(𝜃8, 𝜃D) is the radiance from soil sample with illumination angle, 𝜃8 , and 
observation angle, 𝜃D . 𝐿Y:W(𝜃8, 𝜃D)  is the radiance from the standard panel with 
illumination angle, 𝜃8, and observation angle, 𝜃D. 
4.3   Results 
4.3.1   Soil sample reflectance under dry and saturated conditions 
Reflectance spectra for the three soil samples, under both dry and saturated 
conditions, are shown in Figure 24a, b, and c. When soil samples were dry, the nadir 
reflectance was not very sensitive to the changing illumination angle for any of the three 
samples. For Ithaca soil, reflectance of the dry sample was slightly lower when the 
illumination angle was -40°. For the saturated samples reflectance curves, there are three 
general differences: 1) the change in reflectance is more pronounced at longer 
wavelengths, 2) the change in reflectance relative to the dry samples is more dramatic 
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at the 1440 nm and 1930 nm water absorption bands than at other wavelengths, 3) the 
reflectance is always higher when the illumination angle is 𝜃8 = −70°. 
 
 
Figure 24. Nadir reflectance of three soil samples, a) Quartz sand, b) Masonry sand, and 
c) Ithaca soil, at dry and saturated conditions with illumination angle at -10°, -40°, and 
-70°, respectively. 
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4.3.2   Reflectance changes with illumination and observation angle 
The left columns of Figure 25, 26, and 27 show the soil sample reflectance measured 
at observation angles ranging from -60° to +60°, at 5° intervals. The graphs a) b), and 
c) present 𝜃8 = −10° , −40° , and −70°  illumination angles, respectively. Due to 
occultation of the lamp by the fore optic, there are no observations of reflectance within 
±5° of the illumination angle. When illumination is near normal (𝜃8 = −10°), the 
reflectance does not vary greatly with observation angle (Figure 25a, 26a, and 27a). 
Approaching the retroreflection point, at −10°, reflectance decreases for quartz sand, 
while it increases slightly for masonry sand and Ithaca soil; however, the overall change 
is not obvious. With increasing illumination angle, the directional reflectance difference 
becomes more apparent. With the illumination angle at -40° and -70°, the backward 
reflectance is strengthened, and the forward reflectance is weakened, an effect that is 
more obvious with an illumination angle of 𝜃8 = −70°. The directional reflectance 
feature of dry soil has been explained as a phenomenon caused by surface roughness 
(Cierniewski, 1987); the convex soil particle causes shadow on the opposite side of 
illumination, an effect which is more pronounced when as the illumination zenith angle 
increases. This is apparent in Figure 25a)-c), 26a)-c), and 27a)-c), where the difference 
in reflectance between forward and backward is larger with -70° illumination angle. 
There are some theoretical models focusing on BRDF research on particulate surfaces, 
i.e. the shadow hiding opposition effect (SHOE) (B. W. Hapke, 2012), the coherent 
backscattering opposition effect (CBOE) (Mishchenko et al., 2006), and the H-Function 
(Hapke, 1981). These models were primarily focused on the “hot spot”, i.e. the high 
enhanced reflectance very near the opposition point, the region in which there are no 
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observations in experiment described here. Other researchers have also indicated that 
backward reflectance is strong over a broad angular range (Karnieli and Cierniewski, 
2001; Shoshany, 1993; Zhang and Voss, 2009). Although these experimental data do 
not include reflectance measurements near the 0° phase angle as in the theoretical 
models, strong reflectance in backward lobe is verified. 
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Figure 25. Directional reflectance with 𝜃D = −60°	  to + 60° at 650 nm, 1000 nm, 1440 
nm, and 1680 nm, when 𝜃8 = −10°,−40°, and −70°. The left column is for the dry 
quartz sand sample, and the right column is for the saturated quartz sand sample. 
 
0
0.2
0.4
0.6
0.8
1
-60 -40 -20 0 20 40 60
R
ef
le
ct
an
ce
Observation angle
650 1000 1440 1680
0
0.2
0.4
0.6
0.8
1
-60 -40 -20 0 20 40 60
R
ef
le
ct
an
ce
Observation angle
650 1000 1440 1680
0
0.2
0.4
0.6
0.8
1
-60 -40 -20 0 20 40 60
R
ef
le
ct
an
ce
Observation angle
650 1000 1440 1680
0
0.2
0.4
0.6
0.8
1
-60 -40 -20 0 20 40 60
R
ef
le
ct
an
ce
Observation angle
650 1000 1440 1680
0
0.2
0.4
0.6
0.8
1
-60 -40 -20 0 20 40 60
R
ef
le
ct
an
ce
Observation angle
650 1000 1440 1680
0
0.2
0.4
0.6
0.8
1
-60 -40 -20 0 20 40 60
R
ef
le
ct
an
ce
Observation angle
650 1000 1440 1680
  80 
 
 
 
Figure 26. Directional reflectance with 𝜃D = −60°	  to + 60° at 650 nm, 1000 nm, 1440 
nm, and 1680 nm, when 𝜃8 = −10°,−40°, and −70°. The left column is for the dry 
masonry sand sample, and the right column is for the saturated masonry sand sample. 
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Figure 27. Directional reflectance with 𝜃D = −60°	  to + 60° at 650 nm, 1000 nm, 1440 
nm, and 1680 nm, when 𝜃8 = −10°,−40°, and −70°. The left column is for the dry 
Ithaca soil sample, and the right column is for the saturated Ithaca soil sample. 
4.3.3   Water influence on soil reflectance 
As seen in Figure 24, the spectral reflectance at nadir decreased generally, but most 
noticeably in the SWIR region, especially at the two strong water absorption bands, 
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centered at 1440 nm and 1930 nm. Directional reflectance from the wet soil, shown in 
the right column of Figure 25, 26, and 27, also presents a striking contrast to dry soil 
sample reflectance. Forward reflectance, i.e. observations in the quadrant opposite the 
illumination, at all four selected wavelengths increases toward 𝜃D = 60° . This is 
especially apparent with 𝜃8 = −70°. With an illumination angle, 𝜃8 = −10°, added 
water did not alter the reflected radiance distribution obviously; however, with 
increasing illumination angle, the saturated soil sample reflected more radiance to the 
forward direction. This effect is consistent over three soil samples with varied 
characteristics. Also, the larger the illumination angle, the higher the forward reflectance 
is relative to a dry soil sample. For the Ithaca soil sample, the forward reflectance of the 
saturated sample, Figure 27f, is equal to, or even stronger than forward reflectance of 
the dry sample Figure 27c. Observing the directional change over the full range of 
observation angles, it is particularly remarkable that the addition of water has flattened 
the directional reflectance, eliminating the enhanced reflectance in the backward 
direction. The saturated soil samples appear to be diffuse reflectors, with a symmetric 
reflectance over the range of observation angles, and a magnitude that is nearly 
independent of the incidence angle. The data indicate that water is controlling both the 
magnitude and the directional character of soil reflectance. Being a diffuse reflector, it 
is unlikely that inner soil characteristics (i.e. particle size distribution, porosity) can be 
extracted from directional reflectance data for saturated soils.  
4.3.4   Explanation for directional reflectance influenced by soil water 
The general pattern of the difference in reflectance of saturated and dry sample can 
be duplicated using a very simple model, illustrated in Figure 28. It shared the basic 
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design as Cierniewski (1987)’s work with a dry particle surface, but it is simplified into 
a 2-D plan, and a single particle is considered. Figure 28 is a simple sketch illustrating 
how water might cause soil to be a diffuse reflector. In this illustration, we assume that 
the soil particle is a sphere, with the protruding hemisphere representing the surface 
roughness. When the particle is dry, it blocks the incident irradiance, Edry, leaving a 
shadowed area on the side opposite the illumination; however, with a film of water on 
the particle, much of the incident irradiance, Esat, will propagate into the water layer and, 
after refraction and internal reflection, illuminate the area behind the particle. As we can 
image, more times the light reflected within water layer, more bottom area used to be in 
shadow can be lit up. As a result, the directional reflectance for dry soil caused by 
surface roughness is reduced. 
 
Figure 28. Sketch of radiative transfer on a hemisphere particle with or without coated 
water layer. 
 
 
 
 
 
Shadowed when 
dry 
(1) Semi-shadowed when saturated 
(2) shadowed when saturated 
θi 
(1) (2) 
Edry 
Esat 
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4.4   Summary and conclusion 
Changes in directional spectral reflectance with varied illumination and observing 
angles were monitored for three soil samples under air dry and saturated conditions. The 
illumination angle was set at -10°, -40°, and -70°, and the observing angle ranged from 
-60° to +60° in 5° increments. The samples were chosen to represent a range of 
properties: particle size distribution, texture, and there were significant differences in 
the general shape of the spectral reflectance of the three soils when dry. 
For all three soil samples, the directional spectral reflectance presented some 
differences for dry and saturated conditions. In our experiments, the nadir spectral 
reflectance was relatively stable for all illumination angles. The directional reflectance 
was more variable. When soil samples were dry, the directional reflectance changed 
obviously with phase angle with a stronger backward reflectance, while the forward 
reflectance was generally lower. For saturated soil samples, the directional spectral 
reflectance of dry soil feature was reduced, and the strong backward scattering was 
weakened. Indeed, the directional spectral reflectance became less sensitive to 
illumination angle and observation angle changes, especially for dark soils. The added 
water not only darkened the soil reflectance, but also reduced the directional difference 
of soil. This would make it more difficult to relate the reflectance to soil physical 
properties when soil moisture content is high, even with directional reflectance 
measurements. 
A simple sketch was introduced to give an idea to explain why directional 
reflectance difference for saturated soil is smaller than that of dry soil. For the dry soil, 
the shadow, generated by the illumination angle and surface roughness, makes the 
  85 
directional reflectance varies from observation angles. However, when water is added, 
the coated water layer helps channel radiation reach to the shadowed surface when soil 
is dry. This change mainly increases reflectance of opposite of illumination (forward 
reflectance), further, the difference between backward and forward reflectance is 
reduced.  
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5   CHAPTER 6: Conclusions 
This dissertation analyzes and explains some features of the spectral reflectance of 
soils under both dry and wet conditions. Soil is a complex material consisting of solid 
particles with varied materials, size distributions, pore sizes, and most research 
concerned with directional reflectance properties has focused on the reflectance of dry 
soils. Only a limited number of works have focused on how soil moisture influences 
soil directional-spectral features. This work involves spectral reflectance, spectral 
transmittance, directional spectral features, soil moisture content, and varied soil types, 
and the study is related to spectral feature, physical radiative transfer, and evaporation.  
In this dissertation, we observed band depth of water absorption change during 
drying process, spectral transmittance with changing illumination angle for dry and 
saturated soil, and directional reflectance with changing illumination angle for dry and 
saturated soil. The results reveal some interesting consistencies and implications to 
guide future work: 
1.   The water absorption bands at 970 nm and 1160 nm have limited capacity for 
monitoring soil moisture content.  
2.   If soil water content is not apparent in the 970 nm and 1160  nm absorption bands, 
then these bands may be characteristic of the canopy water content only, and not 
significantly affected by the underlying soil.  
3.   The water absorption bands at 1440 nm and 1930 nm are extremely sensitive to soil 
water content over the full range of surface soil water content, from dry to saturated. 
But these bands will be less useful for remote sensing since absorption by 
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atmospheric water vapor severely depletes the radiation at the center of this 
wavelength range. 
4.   The band depth model suggests that it is the contrast in the water absorption 
coefficients at different wavelengths that is providing the sensitivity to water content. 
This suggests, in turn, that it is not necessary to observe a full absorption feature, 
but only enough of the range of the feature to capture a significant attenuation 
difference. 
5.   A few millimeters of low-absorption sand (roughly 1 attenuation length) can diffuse 
a directional beam thoroughly.  
6.   Transmittance through wet sand increases (relative to dry sand) at wavelengths less 
than 1300 nm. The increase in transmittance is due to the change in the relative index 
of refraction.  
7.   Transmittance at wavelengths greater than 1330 nm was reduced due to strong 
absorption by water. Interaction with the sand particles is actually limited.  
8.   Based on a simple model, most of the directional variation due to the change in 
illumination angle appears to be accounted for by surface reflective loss. The 
implication is that the directional reflection may be treated approximately as a 
surface phenomenon, with the volume reflectance contributing a diffuse component. 
9.   Multiple reflections in the adsorbed water layer can explain the flattening of the 
directional spectral reflectance of saturated soil. Multiple internal reflections 
between water surface and soil particle surface can illuminate areas that would be 
shadowed n dry soil samples, so that the surface roughness contributes less of an 
influence on directional reflectance. 
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This dissertation is focused on the details of radiative transfer in dry and wet soil 
with the goal of achieving a deeper physical understanding. Appropriately, all work was 
completed in the laboratory. While there is still much of interest to pursue in the 
laboratory regarding the differences between dry and wet soil spectral features, it is time 
to promote the study to field work. Also, since bare soil is rare in remote sensing 
application, the interaction between soil and vegetation pixel is a practical problem that 
needs to be addressed. For remote sensing applications, hyperspectral remote sensing 
technique would be most valuable. Fortunately, hyperspectral sensors are becoming 
increasingly available (AVIRIS, AVIRIS-NG, Hyperion), and several satellite systems are in 
production (HyspIRI-VSWIR, EnMAP, HISUI, and others). Future research would reasonably 
include the following topics: 
1.   Examine the feasibility of using water absorption band for airborne/satellite 
hyperspectral remote sensing in field work; 
2.   Estimate and model SMC with water absorption band; 
3.   Examine and extract crop information from soil-crop spectral mixtures. 
4.   Differentiate between soil moisture and vegetation moisture content.  
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